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An  experimental  study  was  made  to  determine  the  effect 
of  temperature  and  rate  of  strain  on  the  strength,  ductility 
and  energr  absorbing  capacity  of  seven  different  structural 
metals  in  torsion,  Qylindrical  specimens  0,25  in,  in  diameter 
were  tested  at  four  different  constant  strain-rates  from 
0.0001  in, /in, /sec.  to  12,5  in./in./sec.  and  at  four  different 
temperatures  from  room  temperature  up  to  1200F.  Two  series  of 
tests  were  conducted:  (A)  specimens  vere  held,  at  the  test 

temperatvire  for  one-half  hour  before  loading,  and  (B)  specimens 
were  given  a two-hundred  hour  aging  treatment  at  the  test 
temperature  before  testing. 

Torque,  angle  of  twist,  and  time  were  continuously  recorded 
and  the  torsional  properties  determined.  The  detailed  resxzlts 
are  x^resented  in  three-dimensional  charts  and  analyzed  in  terms 
of  the  mechanisms  altering  the  material  behavior.  In  general, 
it  was  found  that  an  increase  in  strain-rate  caused  an  increase 
in  strength,  whereas  an  increase  in  temperature  reduced  the 
strength  of  all  n«tals  except  in  the  blue-brittle  temperature 
range  for  steel,  Bxtremely  great  ductility  was  exhibited  by 
some  of  the  metals  at  the  highest  elevated  temperatures  employed, 
particularly  at  the  slower  rates  of  straining.  The  two-hvindred 
hour  aging  treatment  had  no  appreciable  effect  on  the  properties 
of  most  of  the  metals  tested;  significant  changes  were  produced 
only  in  the  alimiin-um  alloys  at  4oOF  and  bOOF  and  in  alley  steel 
at  1200F. 

The  experimental  observations  were  compared  with  several 
theories  that  have  been  proposed  to  express  mathematically  the 
effects  of  strain-rate  and  temperature  on  mechanical  properties, 
Ijy  proper  selection  of  empirical  constants,  several  eauations 
involving  a general  relation  for  flow  stress  or  new  parameters 
of  a "temperature-modified"  strain-rate  or  a "velocity-modified" 
temperat\ire  were  found  to  express  approximately  the  variations 
obtained  in  mechanical  properties, 
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I.  imoDucrioH 


1.  2veiluatlcn  of  the  Hechanloal  Properties  of  Materials* 

The  ability  of  a structure  or  structural  part  in  serrlce  to  carry  oat  the 
function  for  which  it  is  intended  depends  to  a large  extent  on  the  behavior  of 
the  material  of  \diich  it  is  constructed.  In  order  that  the  designer  may  have 
adequate  information  on  the  significant  properties  of  the  inaterial«  these  prop^ 
erties  must  be  determined  by  appropriate  tests  of  saomles  of  the  material. 

'•'>'hat  constitutes  an  appropriate  test  is  not  yet  defined.  Saeh  of  the  tests 
commonly  used  has  some  advantages  but  also  certain  disadvantages  and  it  is  not 
alvrays  certain  exactly  how  to  extend  results  obtained  tuider  one  limited  set  of 
conditions  to  Include  others.  In  the  past  it  has  been  custonary  to  accq>t  the 
properties  obtained  in  the  ordinary  static  tension  test  as  the  most  satisfactory 
criteria  for  evaluating  the  mechanical  qualities  of  a material.  Because  of  its 
simplicity  and  common  usage«  the  tension  test  is  used  to  predict  the  anplicabiUty 
of  materials  for  a wide  variety  of  uses,  many  of  %diioh  involve  more  coiqplex 
systems  of  stresses.  Considerable  doubt  exists,  however,  as  to  %dtether  any 
universal  structural  <^araoteristics  can  be  adequately  anpralsed  on  the  basis 
of  observations  of  the  properties  ^en  subjected  only  to  a uniagiaX  state  of 
stress. 

l^ny  of  the  mechanical  properties  for  idiich  an  evaluation  is  usually  atteiqpt~ 
ed  fall  in  one  of  the  following  olaeses:  elastic  strmgth  and  stiffness,  ductility 
energy  absorption  and  maximum  load  carrying  capacity.  The  elastic  characteristics 
are  most  easily  treated  theoretically  and  until  recently  have  received  the  most 
attention  in  tension  test  studies.  However  for  studying  the  plastic  and  work- 
hardening  characteristics  of  a metal,  the  tension  test  is  inherently  at  a dis- 
advantage because  of  the  local  necking  which  takes  place.  The  only  portion  of 
the  metal  In  the  tension  specimen  «diieh  is  conpletely  exhausted  plastically  is  the 

material  adjacent  to  the  break.  The  final  elongation,  therefore,  is  a combination 
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of  large  defomatlone  in  the  necked  portion  end  a limited  amount  of  etretehlng 
throughout  the  remaining  portion  of  the  metal  which  retaine  considerable  capacity 
for  deformation.  This  latter  portion  constitutes  the  largest  part  of  the  length. 
Turthermore,  within  the  localised  region  where  the  fracture  finally  occurs, 
necking  introduces  a notch  effect  aceonpanied  by  a eoaplex  three-dimensional 
stress  system  tdiieh  changes  continuously  as  the  neckixig  progresses^  This  makes 
it  difficult,  (7,  80)"**  if  not  Inpossible,  to  analyse  the  final  fracture  character- 
istics and  relative  work>hardenshility  of  different  metals. 

In  the  torsion  test  many  of  these  disadvantages  are  not  present.  The 
dimensions  of  the  specimen  do  not  change  appreciably  during  the  test  even  to  the 
point  of  firacture,  so  that  the  original  dimensions  of  the  specimen  are  valid 
for  analytical  studies  of  strength  and  ductility.  Deformation  is  fairly  uniform 
throu^iout  the  length  of  the  test  section.  The  absence  of  localised  necking 
eliminates  the  continuously  increasing  notch  effect  vrith  its  consequent  l0ca3J.zed 
three-dimensional  stress  system.  Ductility  as  determined  by  the  angle  of  twist 
of  the  specimen  involves  general  exhaustion  of  the  plasticity  along  the  entire 
gage  length.  The  slope  of  the  etrese-strain  diagram  in  the  torsion  test  is 
a better  measure  of  the  work-hardenabillty  of  the  material  since  this  slope 
is  not  influenced  by  major  dimension  changes  as  in  the  tension  test. 

2.  Immediate  Importance  of  Temperature  and  Strain-Rate  Studies. 

The  behavior  of  a given  material  has  been  found  to  depend  on  the  mechanical, 
operations  carried  out  during  fabrication,  heat  treatment,  stress  history  and 
upon  other  factors  such  as  the  type  of  loading,  state  of  etrees  and  environ- 
mental conditions. 

Tv;o  luroortant  parameters,  rate  of  strain  and  tenperature,  are  known  to  be 
interrelated  and  frequently  vary  simultaneously  in  service.  Both  have  been 


lumbers  in  parentheses  refer  to  the  references  listed  in  t.he  Bibliography. 
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imrestli^ted  singly  %ut  few  studies  have  heen  of  a wide  enough  scope  to  give 
attention  to  their  cosiblned  effects. 

The  current  trend  toward  jet  engines  and  rockets  for  propulsion  of  guided 
missiles  and  military  aircraft,  and  the  extreme  tweeds  developed,  have  intro- 
duced prohlems  of  elevated  tesperatures  and  severe  sudden  loading.  Heat  arising 
from  skin  friction  and  from  the  power  plants  is  sufficient  to  produce  elevated 
tenperntures  in  wing  and  fuselage  elements  iiAilch  heretofore  have  operated  well 
within  the  ordinary  room  temperature  range.  Because  of  the  extreme  urgency  for 
ranid  advance  in  this  field,  investigation  of  these  parameters  is  particularly 
timely  and  since  many  of  the  stress  systems  in  surface  and  supporting  elements 
are  hiaxlal,  torsion  tests  are  especially  acnpropriate. 

3.  Ob.ject  and  Scope  of  Investigation. 

In  this  project,  prepared  specimens  of  several  metals  were  subjected  to  a 
biaxial  state  of  stress  in  torsion  tests  to  investigate  the  effects  of  the 
two  parameters,  temperature  and  strain-rate,  on  their  mechanical  properties. 

The  studies  covered  here  Included  two  steels,  tv/o  aluminum  alloys,  one 
magnesium  alloy  and  two  titanum  alloys.  These  metals  represent  three  different 
classes  according  to  crystal  lattice  structure,  namely,  body-centered  cubic  for 
steels,  face-centered  cubic  for  the  aluminiim,  and  close-packed  hexagonal  for 
the  titanium  and  magnesium. 

Four  rates  of  torsional  strain,  differing  by  factors  of  50  to  1,  were 
selected  to  produce  the  following  nominal  rates  of  shearing  strain  for  the  speci- 
mens tested;  12.5,  0.25*  O.OO5  and  0.0001  in.  per  in.  per  second. 

Torsion  tests  were  conducted  at  room  teiipernture  and  at  tliree  or  four 
elevated  teimeratures  for  each  metal.  The  elevated  temperature  levels  were: 

200?,  400F  and  6OOF  for  the  aluminum  and  magnesium  alloys  and  400?,  7OO?  and 
lOOOP  for  the  steels  and  titanium.  For  the  434o  steel  a set  of  tests  was  in- 
cluded also  at  120OF,  For  one  series  of  tests,  specimens  v;erc.  heated  to  the 
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desired  tesxperetttre  then  held  at  tenqaerature  for -one-half  hour  before  each  test 
began.  A second  series  of  tests  Is  also  reported  for  idxich  sneelmens  were  given 
a 200-hour  aging  treatment  in  advance,  at  the  same  elevated  tenqaerature  at  v»hich 
they  v/ere  subsequently  tested. 

The  geometric  details  chosen  for  the  torsion  test  specimen  are  iiown  in 
Pig.  2.  j-arge  radius  fillets  at  the  ends  of  the  reduced  section  and  a sli^t 
undercutting  of  the  central  portion  were  necessary  to  prevent  the  fracture 
from  occurring  outside  the  gage  length. 

^view  of  the  hiterature. 

a.  General.  - The  technical  literature  cfntalns  reports  on  a multitude 
of  investigations  and  theories  which  contribute  to  an  understanding  of  the 
influence  exerted  ty  rate  of  loading  and  by  teisperature  on  the  behavior  of 
structural  materials.  Some  of  the  paroerS)  which  heye  anipeared  in  the  literature 
during  recent  years,  treating  this  subject  are  listed  In  the  bibliography  which 
is  - included  at  the  end  of  this  manuscript.  Por  a more  complete  bibliography 
see  the  lists  of  references  included  in  Refs.  113 

A large  proportion  of  the  studies  involving  a hlj^  rate  of  strain  have 
been  made  in  lE^ao%  testing  machines  and, in  some  eases,  the  energy  absorbed 
was  the  only  property  which  could  be  measured.  In  impact  tests  the  effect 
of  reduced  ten^erature  is  particularly  ia^ortant  and  for  many  metals  It  is 
possible  to  determine  critical  temperatures  above  vdiich  the  fracture  is  ductile 
and  energy  absorption  great  and  below  which  fracture  is  brittle  end  energy  ab- 
sorption lov/.  Gharpy  notched-bar  bending  inpact  tests  are  easy  to  perform  and 
have  therefore  been  used  frequently  but  the  coup  laxities  involved  in  interpreting 
the  meaning  of  this  type  test  subtract  from  its  worth. 

In  tension  inpaet  tests  it  is  readily  possible  to  obtain  elongation  and 
reduction  of  area  to  fracture  in  addition  to  energy,  althou^^  it  is  not  easy 
by  meohor.ieal  aathnda  of  aeasorament  to  obtain  data  for  comnlete  stresa-straln 
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0UTV68  from  imoAct  tests*  Hecentljr,  some  investigators  (7H)  have  been  able,  bjr 
means  of  oscillographic  recordings,  to  study  the  load-time  and  load-strain 
relationships  in  high  ^eed  tests. 

Frequently  the  results  from  tension  impact  tests  are  cospared  with  the 
ordinary  static  tensile  properties  to  determine  the  influence  of  rate  of  strain 
at  room  temperature,  for  elevated  tesperatures  most  experiments  have  been  of 
the  long-time  creep  type  test  vrith  constant  load.  A limited  number  of  tests 
have  been  made  in  ordinairy  tensile  testing  machines  at  elevated  tesperatures 
and  at  rates  of  strain  attained  within  the  standard  machine  tgpeeds  (30). 

Since  there  la  a certain  correspondence  between  the  effects  of  time  and 
tenperatufe  (s4),  theories  have  been  developed  (3«  Ug,  67.  112)  to  express 
the  flow  stress  (usually  defined  as  the  "true**  tensile  stress)  as  a function 
of  time  or  straizw-rate,  and  the  temperature,  strain  and  certain  other  factors. 

In  order  to  combine  the  time  and  tenperature  effects,  such  relations  have  been 
manipulated  to  provide  expressions  of  strain-rate  in  terms  of  an  equivalent 
tenperature  (70,  71)  end  tenperature  in  terns  of  an  equivalent  strain-rate 
(46,  112).  iiost  of  the  data  in  the  literature  which  is  applicable  to  test 
these  relationships  are  from  creep  type  tests  but  they  are  generally  expected 
to  be  valid  also  when  applied  to  data  obtained  by  more  ranid  loading. 

Because  in  the  maijorlty  of  applications  materials  are  subjected  to  biaxiaO. 
or  trlaxial  states  of  stress  (28,  69)t  considerable  attention  has  been  devoted 
to  developing  means  of  translating  data  obtained  under  one  state  of  stress  into 
terms  vdilch  correspond  with  data  for  the  same  material  under  a different  state 
of  stress. 

In  addition  to  comparing  ordinary  tension  and  torsion  tests  to  study  the 
biaxial  case  (28,  63*  100,  ll4),  sons  investigators  have  subjected  tubular 

specimens  to  combinations  of  tension  and  torsion  or  internal  pressure  to  set  up 
other  desired  ratios  of  two  principle  stresses  (25,  47,  53,  78,  g6,  104).  Gr^hs 

have  been  plqtted  of  true  stresses  and  strains  in  terms  of  their  so-called 
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effective,  generalized  or  significant  values;  in  nany  cases,  ^ere  anlsotz^y 
of  the  material  was  not  significant  (44,  ll4),  general  agreement  hetvreen  the  flow 
curves  for  different  states  of  stress  has  heen  reported.  These  generalized 
expressions  are  based  on  stress  and  strain  Invarients  or  the  distortion  energy 
principles. 

A very  limited  number  of  studies  of  these  parameters  has  been  reported 
in  which  samples  were  tested  in  cos^ression  and  a few  in  torsion  (6,  3S,  52, 

63,  90)*  0^  these,  Itahara's  (52)  work  covers  the  widest  range  of  variables 

including  torsion  tests  of  many  materials,  temperatures  up  to  nearly  1200F, 
and  strain-rates  covering  five  orders  of  magnitude. 

ferrous  Metals;  In  iron  and  steel,  tenperature  and  strain  rate  probably 
have  their  most  pronounced  effect  on  the  heterogeneous  yielding  and  associated 
phenomena.  Heterogeneous  yleldiisg,  the  upper  and  lower  yield  points,  (32,  65, 

50,  111)  tine  delay  before  plastic  yielding  (12),  yield  point  strain  (ill), 
blue  brittleness  (9,  27»  52,  71»  72,  85)  and  jjQders  lines  (42,  110)  have  been 
observed  to  be  sensitive  to  tine  and  teiiQjerature  effects. 

Por  the  range  of  variables  usually  studied,  investigators  (4,  16,  22,  35, 

39,  49,  52,  55,  73,  74,  81,  83,  98,  105)  have  generally  found  that  the  tensile 
strength,  yield  point  and  the  strain  during  yielding  increase  with  an  increase 
in  rate  of  strain  or  a decrease  in  tenroerature.  For  elevated  temperatures, 
strength  usually  decreases  after  the  blue  brittleness  range  is  exceeded. 

Although  lowering  the  temperature  is  usually  considered  to  have  an  embrittl- 
ing effect,  the  opposite  is  frequently  the  case  when  evaluated  in  terms  of  elonga- 
tion and  reduction  of  area  (4,  30i  however  these  measurements  are  often  erratic 
(11,  110).  Increase  in  strain-rate  has  also  been  found  to  reduce  elongation 
and  reduction,  of  area  (9,  55)  some  ranges  of  speed  but  may  have  the  opposite 
effect  or  none  for  other  ranges  (U,  88,  IO7). 

The  blue  brittleness  temperature  has  been  observed  to  be  elevated  for 
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hi^er  rates  of  strain  according  to  results  of  tests  in  torsion  (52) » tension 
(85),  hardness  (62),  crushing  (93)t  and  bending  (37) • 

c.  Almninmn  Alloys;  A survey  of  the  literature  on  low  temperature  prop- 
erties of  aluminum  alloys  (4)  shows  general  agreement  concerning  an  increase 
in  strength  with  decrease  in  temperature.  Elongations  reported  for  low  tem- 
perature tests  were  generally  either  as  great  or  greater  than  those  observed 
at  room  ten5)erature.  Values  of  reduction  of  area  were  reported  less  frequent- 
ly but  did  not  nacessarily  Increase  with  increased  elongation.  Breaking 
energy  in  iii^act  tests  usually  increased  as  temperatinre  was  reduced.  Reten- 
tion of  ductility  at  low  tec^ratures  was  attributed  to  the  face  centered 
cubic  lattie  structure. 

Strength  of  aluminum  and  its  alloys  decreases  as  the  ten^rature  is 
raised  tliove  room  teit^>erature  (S5i  ^9,  92).  The  decrease  is  quite  sharp 
above  400F,  and  at  6OOP  the  strength  is  very  low.  Ductility  on  the  other 
hand  has  been  found  to  Increase  with  temperature  and  radical  increases  in 
elongation  have  been  reported  above  400P  (89)* 

Roberts  and  Heimerl  (92)  report  a hump  in  the  yield  strength  vs.  tenpera- 
tiire  curve  for  conpression  with  a slight  increase  near  400P,  The  yield 
strength  of  24S-T,  although  lower  than  for  75S-T  at  room  tenperature,  v;as 
hi^er  for  tenperatures  of  400F  and  above. 

In  general,  some  Increase  in  tensile  and  yield  strengths  have  been  ob- 
served with  increase  in  rate  of  straining  (lO,  13,  26,  85).  In  some  instances 
(9,  60,  107),  very  little  increase  or  even  a decrease  in  strength  was  observed 
for  certain  speeds  of  testing.  Ductility  and  energy  absorption  have  also 
shovm  increases  with  rate  of  strain  (9,  13,  88,  89,  IO7)  although  in  a fev; 
cases  only  a negligible  change  or  a reverse  trend  has  been  reported  (lO,  26), 

d.  Magnesium  Alloys;  Only  a relatively  few  papers  have  reported  studies 

of  the  effects  of  strain-rate  or  tenperature  on  properties  of  magnesium  alloiys 

Clark  and  V/ood  (13)  report  increases  of  from  10  to  50  per  cent  in  tensile 
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strength,  elongation  and  energy  abeoiption  In  dynamic  tests  as  eoiopared  to 
static  Values  for  four  magnesium  alloys.  jUscordlng  to  tests  hy  Piper  (89) 
the  tensile  strength  and  yield  strength  of  FS>1  ma^esiom  alloy  decrease  and 
elongation  increases  with  increase  in  ten^erature. 

e.  Titanitun;  Sven  eommercially  pure  titanium  contains  sufficient 
quantities  of  other  elements  such  as  carbon,  oxygen,  nitrogen  and  hydrogen 
to  produce  mechanical  properties  differing  ^arply  from  the  really  pure  metal* 
Strength  is  hl|^r  and  ductility  less  in  the  comaereially  pure  product  than 
in  the  pure  metal  (12^).  Although  still  only  in  the  early  stages  of  devel*^ 
ment,  titanium  has  received  widespread  publicity  and  attention.  Only  a few 
selected  references  are  included  in  the  bibliograj^.  For  a more  eon^lete 
bibliography  on  titanium  see  references  1,  18,  120  and  122. 

Titanium  in  its  various  commercially  pure  forms  and  early  alloys  has 
received  particular  attention  in  the  moderately  elevated  temperature  ranges. 
Because  it  is  li^t  in  weight  and  yet  medntains  considerable  strength  up  to 
lOOOF  it  offers  considerable  promise  in  replacing  the  other  li^t  metals  in 
aircraft  elements  in  which  operating  tenp«rature8  exceed  room  temperature. 

It  has  been  shown  (33t  1^7  that  the  strength  and  hardness  of  titanium 
decrease  considerably  with  Increase  in  temperature  in  the  entire  useful  ranges 
and  ductility  and  energy  absorption  in  notched  bar  tests  increase  with  in- 
creasing temperature.  There  is  some  reduction  in  stlflhess  as  measured  by 
the  modulus  of  elasticity  for  higher  tei:q)eratures  and  an  Increase  at  low  teis> 
peratures. 

Graphs  of  tensile  properties  versus  tenpernture  (U3,  108,  120,  123*  1^) 
show  that  the  static  tensile  strength  of  comraercially  pure  titanium  at  lOOOF 
is  about  20-30,000  psi  (120,  123,  1^)  and  for  some  of  the  alloys,  JO, 000  psi 
(123).  At  UOOF  v/bere  the  strength  of  aluminum  is  essentially  lost,  the  ten- 
sile strength  of  commercially  pure  titanium  is  about  two-thirds  of  its  room 

temperature  value  and  this  ratio  is  considerably  hi^er  for  the  alloys  of  ti- 
tanium. 
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1S:q>osurQ  to  elevated  teaperatures  up  to  lOOOF  for  periods  i:p  to  1000  hours 
has  tto  effect  on  the  tensile  properties  determined  at  the  ejqposure  temperature 

(123). 

All  forms  of  titanium  respond  readily  to  cold  Mork  and  tensile  strengths 
well  above  200,000  psi  are  regularly  obtained  in  this  manner  (l2U).  Cold 
working  is  most  effective  in  providing  increased  strength  for  operation  in  the 
lower  elevated  temperature  ranges  because  even  thougji  the  annealing  temperature 
is  usually  considered  to  be  from  1200F  to  1300F  (23)  considerable  recrystalllza- 
tion  and  softening  take  place  at  lOOOF  (64)  and  the  strength  at  1000?  is  no 
greater  for  coldworked  titanium  than  for  the  same  alley  in  the  annealed  condition. 
To  achieve  corresnonding  strengths  there  is  more  sacrifice  of  ductility  in  work 
hardening  than  in  alloying.  By  these  two  methods  higher  room  temperature 
strength>weig^t  ratios  can  be  obtained  with  titanium  than  with  any  other  metal. 

The  effect  of  strain  rate  on  mechanical  properties  of  titanium  is  not 
well  knovm.  Some  ereerp  and  stress  rupture  data  are  available  and  some  Intact 
tests  have  been  made. 

Anisotropy  in  both  bar  (2$)  and  sheet  feme  (II9)  currently  produced  will 
make  correlation  between  properties  determined  with  different  states  of  stress 
less  consistent  than  for  other  metals. 

The  ordinary  stress-strain  tests  of  titanium  reported  in  the  most  of  the 
literature  appear  to  show  no  sharp  yield  point  althou^  the  possibility  of 
strain-aging  is  indicated  by  several  associated  phenomena.  Fontana  (29)  reports 
a yield  point  by  drop  of  the  beam  in  tv/o  titanium  alloys  and  also  reports  S-IT 
curves  v/ith  sharp  knees;  Everhart  (25)  presents  a strength  vs.  temperature 
curve  with  a huap  around  8OO-5OOF.  Elements  such  as  oxygen,  nitrogen  and 
carbon  are  present  in  commercially  available  titanium  and  the  nresence  of  these 
elements  is  thought  to  be  related  to  the  sharp  yield  point  and  to  the  sharp 
knee  commonly  found  in  S-N  diagrams  for  mild  steel. 
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II.  EXmiIE?ITAl  mOGRAM 


5*  PeBcrlption  of  Testing  Equlpinent. 

a.  Machanical  features  of  the  Torsion  Testing  Machine:  The  torsion 
testing  machine  shovm  in  Fig.  1 is  the  mechanical  apparatus  for  applying  a 
twisting  moment  or  pure  torsional  load  to  one  end  of  a test  ^>eclmen  iidiile 
holding  the  other  end  of  the  specimen  fixed.  A wei^bar  is  utilized  to  mear 
sure  the  torque  or  twisting  moment  at  any  instant  during  the  test.  The  right 
end  of  the  specimen  is  clamped  firmly  in  the  torque  wel^bar.  The  ri^t  end 
of  the  weij^bar  is  held  rigidly  to  a supporting  fixture.  A loading  arm  A is 
attached  to  the  left  end  of  the  aq)ecimen.  The  left  face  of  this  loading  arm 
clears  the  face  of  the  flywheel  '1  by  about  3/8"  in  the  normal  position.  Two 
pins  P extend  out  from  the  face  of  the  flywheel  to  engage  the  loading  arm  or 
can  be  retracted  to  clear  the  loading  azmi  as  the  flyv;heel  rotates.  The  speci- 
men and  weighbar  are  aligned  so  that  their  centerlines  coincide  with  the  axis 
of  rotation  of  the  flywheel. 

The  rate  of  strain  in  the  specimen  is  controlled  by  the  speed  of  the  fly- 
wheel. A half-horsepower  electric  motor  drives  the  flywheel  through  a 
series  of  gear  reducers  labeled  R^,  Rg,  and  R^  in  Fig.  1.  The  apparatus  as 
illustrated  in  Fig.  1 is  set  to  obtain  the  slowest  of  the  four  testing 
speeds  used  in  this  research  and  referred  to  as  "first  speed",  With  this 
arrangement  R^  and  Rg  each  provide  a 50  to  1 reduction  in  speed,  and  R^  re- 
duces the  speed  by  a ratio  of  67-I/2  to  1,  The  three  in  series  provide  a re- 
duction of  168,750  'to  1 or  rou^ly  from  I75O  rpra  speed  of  the  motor  to  0.01 
rpm  of  the  flywheel. 

The  next  faster  speed  (second  speed,  O.52  rpm  flywheel  speed)  is  obtained 
by  removing  reducer  R^  from  the  system  and  moving  the  motor  up  to  drive  re- 
ducer Rg  directly.  For  the  third  speed  (26  rpm),  Rg  also  is  removed,  and  re- 
ducer Rj  is  driven  directly  by  the  motor.  Thus  a flywheel  speed  of  26  rpm  is 
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produced  in  third  qpeed  tests. 

For  the  highest  rate  (fourth  speed),  the  reducer  and  the  coupling  C 
are  also  removed,  and  an  auxiliary  motor  is  enployed  to  accelerate  the  fly- 
wheel. The  fljnirheel  Is  driven  through  a friction  pulley  on  the  motor;  the 
connection  is  maintained  manually  and  is  discemneeted  vhen  the  flywheel  reaches 
a i^eed  sli^tly  above  the  test  speed.  The  flywheel  is  then  allowed  to  rotate 
freely  until  hearing  friction  and  air  resistance  gradually  reduce  its  speed 
to  the  desired  rate  (1300  rpm  in  these  tests).  At  this  time  a latch  is  tripped 
hy  solenoid  S in  Fig.  1,  allowing  the  pine  P to  jump  out,  V/hen  extended,  the 
flywheel  pins  engage  the  loading  arm  attached  to  the  specimen  and  apply  a sudden 
torsional  load  of  high  straln^rate  to  the  specimen. 

In  these  hl^  strain-rate  tests,  the  speed  of  the  flywheel  shaft  is  measured 
hy  matching  the  freouency  of  a signal  generated  hy  a magnetic  pickcp  %/ith  the 
known  frequency  output  of  an  audio-oscillator  (*'0“  in  Fig.  1),  The  magnetic 
field  of  the  pickup  is  varied  hy  special  depressions  machined  in  the  face  of  a 
circular  steel  plate  mounted  in  place  of  cotqpling  C on  the  end  of  the  flyvdieel 
shaft.  This  picki:p  generates  six  ^roximately  sinusoidal  inpulses  per  revo- 
lution of  the  flywheel.  This  signal,  fed  into  the  horisontal  sweep  of  a cathode 
ray  oscilloscope  is  matched  with  a signal  of  known  frequency  from  the  audio- 
oscillator  fed  into  the  vertical  sweep.  The  desired  speed  is  indicated  by  for- 
mation of  an  elliptical  iissajous  figure  on  the  screen  of  the  oscilloscope. 

Specimens  of  the  present  design  tested  at  1300  ppm  absorb  energy  at  rates 
up  to  11  horsepower,  which  exceeds  the  capacity  of  the  driving  motor  (Mj^)  used. 

In  the  mechanism  as  enployed  at  this  speed  the  inertia  of  the  rapidly  rotating 
flyv;heel  loads  the  specimen.  As  energy  is  absorbed  by  the  specimen,  there  re- 
sults a corresponding  loss  in  energy  of  the  flyv'heel  and  hence  a loss  in  ^eed. 
For  the  753-^  aluminvua  alloy  at  room  temperature  this  change  of  strain -rate  is 
hardly  noticeable  because  of  the  relatively  low  capacity  to  absorb  energy  before 
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fracture.  For  tourer  materials  a more  pronounced  dr<^  in  speed  is  o'bserved. 
Howerer,  even  for  the  1^18  steel  tested  at  room  temperature,  this  loss  in  speed 
hy  the  very  end  of  the  test  was  only  about  30  per  cent.  Though  qopreciable, 
the  change  in  straiiv-rato  for  this  extreme  case  Is  relatively  small  when  com- 
pared with  the  increment  of  30  to  1 in  straln>rate  decrease  for  the  next  slowest 
speed  of  testing. 

b.  Recording  gystem;  All  pertinent  data  such  as  twisting  moment  and 
angle  of  twist  were  recorded  by  use  of  a 6-channel  Hathaway  SlU-A  oscillograph. 
This  instrument  Is  supplied  with  galvanometers  of  different  ft*equency  responses 
and  different  sensitivities  vdiich  can  be  readily  Interchanged  to  fit  the  range 

i 

of  Izq^ut  signal  eiroected.  The  deflection  of  li^t  beams  by  the  galvanometer 
mirrors  represents  the  magnitude  of  the  quantities  to  be  measured  by  the  various 
devices  utilised.  The  positions  of  the  light  snots  from  the  various  galvanometers 
are  recorded  on  photo-sensitive  linagrtqih  paper  six  inches  wide  moving  contin- 
uously in  the  camera  of  the  oscillogr^di.  This  camera  handles  paper  in  rolls 
of  100  ft.  Isngth. 

Papsr  speeds  A:om  I/8  in.  per  sec.  to  4^  in.  per  see.  are  avallahle  with 
the  standard  oscillograph  belt  and  pulley  combinations  and,  by  use  of  special 
pulleys,  paper  speeds  as  lev;  as  I/30  in.  per  sec.  have  been  obtained  for  the  slow- 
er tests.  Because  of  limitations  of  the  oscillograph.  It  was  not  practical  to 
make  continuous  recordings  of  the  entire  tests  made  at  the  slowest  speed.  There- 
fore, only  the  early  (elastic)  portion  of  each  test  was  recorded  continuously. 
After  the  yield  strength  had  been  exceeded,  the  oeciUegraph  was  Intermittently 
cycled  on  and  off  at  regular  intervals.  The  two  cams  on  the  output  shaft  of 
reducer  In  Fig.  1 operate  microswltehes  for  remote  control  of  the  oscillo- 
graph. The  circuit  controlled  by  the  right  cam  supplies  the  povrer  to  the 
recording  lanp,  and  the  left  cam  switches  the  paper  drive  motor  cn  and  off  133 
times  during  every  two  revolutions  of  the  flywheel.  The  cams  are  positioned 
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so  that  there  Is  a delay  of  about  one  second  each  time  for  the  las^  to  U^t 
up  before  the  paper  begins  to  s»ve.  The  record  for  one  cam  cycle  consists  of 
a set  of  short  parallel  dashes  recorded  simultaneously  for  an  interval  of 
about  three  seconds,  the  position  of  each  dash  representing  the  measurement 
of  one  quantity.  The  conplete  record  resulting  from  intermittent  operation  is 
cosiposed  of  a series  of  these  dashes  for  each  quantity  measured. 

A summary  of  the  instrumentation  and  some  features  of  tests  for  each  speed 
are  listed  in  Table  III.  The  interval  between  time  marks  recorded  (given  under 
Item  6)  is  varied  to  suit  the  conditions  of  the  total  time  required  at  a given 
speed  and  by  the  speed  of  the  recording  peqoer.  Harkings  at  every  tenth  second 
and  hundredth  second  (for  third  and  foxirth  speeds  respectively)  are  provided  by 
a synchronous  time  marking  attachmmt  built  into  the  oscillograph.  To  obtain 
slower  frequencies,  a device  enploying  a synchronous  electric  clock  motor  was 
built  to  provide  a signal  every  five  seconds  for  use  v/ith  first  and  second 
speed  tests  (the  two  slowest  strain-rates). 

It  should  be  noted  in  connection  with  Table  III  that  the  signals  from  the 
photoelectric  cell,  the  Cr-beam  and  weigb>bar  bridge  circuits  described  in  the 
following  paragraphs  are  anplified  before  being  transmitted  to  the  galvanometer 
in  the  oscillograph. 

c.  Torqu-n  Msasurlng  Device;  The  twisting  moment  or  torque  at  any  instant 
is  measured  by  four  electric  resistance  type  strain  gages  moxmted  on  the  outside 
surface  of  a hollow  cylindrical  steel  wel^bar  in  series  with  the  specimen 
(Fig.  3).  ^he  gages  are  connected  in  the  form  of  a four-arm  bridge  used  with 
a Hathaway  Strain  Gage  Control  Ifalt  type  MRC-16  with  amplifier  elements  of  lype 
HRC-15C.  The  amplified  output  signal  passes  tlirough  one  of  the  galvanometers 
of  the  oscillograph  for  recording. 

To  protect  the  gages  from  ejccesslve  heat  during  elevated  temperature  tests, 
the  portion  of  the  weighbar  outside  the  furnace  is  hollow  and  t^  water  flows 
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uadar  the  region  vhere  the^  gages  are  mounted  and  out  through  a brass  tube 
connected  to  the  drain  as  shovrn  by  the  arrows  in  Fig.  3* 

In  order  to  interpret  quantitatively  the  magnitude  of  the  tormie  from  the 
deflection  of  the  trace  on  the  reoordi  a calibration  is  necessary,  iifter  some 
tests,  the  signal  from  the  bridge  is  recorded  vdien  a twisting  moment  of  known 
magnitude  is  applied  to  the  i«eigi>>bar  by  means  of  dead  wel^ts.  This  can  be 
used  to  determine  a calibration  factor  for  the  particular  record  with  which 
it  is  made.  However  for  different  as^lifier  settings,  the  factor  would  be 
different  so  it  is  advisable  to  have  a calibration  for  each  test.  The  dead  weight 
method  is  not  a convenient  one,  so  a controlled  unbalance  of  the  bridge  is 
produced  by  shorting  a precision  resistor  across  one  arm  of  tho  bridge.  The 
resistive  unbalance  thus  produced  corresponds  to  that  produced  by  a definite 
amount  of  torque,  the  magnitude  of  which  can  be  determined  by  coo^arlslon  vrith 
a dead  weight  calibration*  It  is  very  simple  to  ap'oly  a resistor  calibration 
at  the  end  of  each  test  either  by  hand  or  automatically. 

d.  Twist  Measuring  Devices;  Because  of  the  wide  range  of  speeds  involved 
in  these  tests  it  was  necessary  to  develop  txifo  different  twist  measuring  in- 
struments, each  ads^ted  to  measure  the  angle  of  twist  for  a limited  range  of 
speeds.  The  devices  used  are  described  separately  in  the  following  paragraphs. 

Rapid  Tests;  For  measuring  the  angle  of  twist  in  the  tests  conducted  at 
the  highest  strain-rate  (fourth  speed),  the  pickup  device  (see  Fig.  4)  employs 
tv/o  thin  disks  of  photographic  film  on  which  are  reproduced  photographically 
alternate  opaque  and  transparent  sectors.  These  disks  are  individually  fastened 
to  the  specimen  at  points  one  inch  apart  by  means  of  small  tubular  aluminum 
pieces  md  set  screws,  light  projected  from  a bri^t  incandescent  source  is 
transmitted  throu^  the  disks  to  a photoelectric  cell  by  means  of  lucite  rods 
and  a mirror  (Fig.  4).  The  disks  act  as  a set  of  multiple  shutters  to  control 
the  light  transmitted  to  the  photocell.  The  angular  displacement  of  one  disk 
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with  respect  to  the  other  corre^onds  with  the  angle  of  twist  within  the  one- 
inch  gage  length.  The  intensity  of  the  ll^t  transmitted  throui^  the  disks 
▼aries  as  one  disk  turns  with  respect  to  the  other,  for  disks  v/lth  2^  sectorst 
one  sinusoidally  varying  cycle  of  li^t  Intensity  is  couple  ted  every  4°  of  twist 
within  the  gage  length.  The  varying  intensity  of  li^t  strikizig  the  photoelectric 
cell  causes  a corresponding  variation  in  ou^ut  electrical  signal  of  the  photo- 
cell circuit  v/hich,  after  heing  amplified,  is  transmitted  to  a galvanometer 
in  the  osclllogrsgah  for  recording. 

Because  of  its  light  wei^t  and  low  moment  of  inertia  with  respect  to  the 
axis  of  twist,  this  type  of  pickup  device  can  be  used  effectively  for  tests 
involving  twisting  applied  suddenly  at  hi^  strain-rates.  It  will  continue 
measuring  the  twist  until  the  ^ecimen  breaks,  even  for  specimens  of  ductile 
metals  vrhioh  twist  through  several  coa^lete  revolutions  before  fracture.  Hovr- 
ever  this  device  Is  not  as  sensitive  as  might  be  desired  in  the  elastic  range 
and  therefore  is  not  used  in  slower  ^eed  tests  where  inertia  effects  are  not 
encountered* 

Lower  Speed  Tests;  The  angle  of  twist  is  measured  in  two  ways  simultaneous- 
ly by  the  device  shown  in  Fig.  The  angle  of  twist  for  large  strains  is 
measured  by  one  oonponent  making  use  of  a slide  v/ire  nnd  rider.  The  other 
cocponent  \dilch  is  sensitive  to  small  strains,  uses  two  electric  resistance 
type  strain  gages  mounted  on  opposite  sides  of  a small  aluminum  beam.  The 
beam  has  the  form  of  a 300*  circular  arc.  The  combined  Indicator  is  mounted 
on  two  short  pieces  of  aluminum  tubing  which  are  clanqped  to  the  specimen  by 
of  three  pointed  set  screws  threaded  through  each  ring.  Humber  2S  chromel 
wire  with  a resistance  of  4.1  ohms  per  foot  extends  as  one  continuous  vdre 
around  the  periphery  of  a 2-in.  diameter  lucite  disk  mounted  on  the  right  ring. 

The  circumference  of  the  slide  wire  is  divided  into  four  equal  lengths  by 
soldered  connections  to  larger  copper  vrlres  (see  Jig.  6).  Junctions  separated 
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by  180  on  the  circumference  are  at  the  same  electric  potential* 

From  the  circuit  diagram  ahovm  in  Fig.  6,  it  can  be  seen  that  as  the  rider 
(vdiich  is  attached  to  the  left  mounting  ring)  moves  around  the  circumference 
of  the  disk,  the  potential  output  to  the  galvanometer  varies  gradually  from 
a maximum  at  points  A and  A'  to  a minumum  at  points  B and  B'.  The  values  of 
resistance  and  voltage  in  the  circuit  have  been  proportioned  to  give  a linear 
remonse  in  deflection  of  the  galvanometer  trace  on  the  paper  with  respect  to 
the  angle  of  twist.  For  a constant  rate  of  twist  end  constant  paper  qieed  in 
the  recording  oscillograph,  the  resulting  twist  record  consists  of  straight 
lines  forming  a sawtooth-shaped  contour* 

The  electric  strain  gages  mounted  on  the  "C  shaped  beam  form  two  arms 
of  a bridge  which  provides  sensitive  measurements  of  twist  during  the  initiatl 
(elastic)  portion  of  the  test.  A screw  with  a knurled  head  is  threaded  through 
a smadl  block  at  the  end  of  the  riding  arm  attached  to  the  left  mounting  ring. 

One  end  of  the  C-beam  is  fastened  to  the  lucite  disk,  and  the  beam  is  oriented 
so  that  the  point  of  the  screw  on  the  rider  contacts  the  0-beam  near  the  free 
end.  Before  a test,  the  screw  is  turned  vp  to  deflect  the  beam  about  one-fourth 
inch.  As  the  specimen  is  twisted,  the  rider  and  screw  gradually  release  the 
initial  deflection  of  the  spring.  The  signal  from  the  strain  gage  bridge  thus 
produces  a deflection  of  the  trace  on  the  recording  paper  which  is  proportional 
to  the  angle  of  twist.  After  an  optional  angle  of  twist  of  ip  to  about  15°,  tn«> 
initial  deflection  is  coapletely  released  and  the  screw  moves  away  from  contact 
with  the  C-beam.  The  beam  is  pivoted  so  that  it  drops  down  to  clear  the  rider 
and  screvr  on  subsequent  revolutions.  For  calibration  purposes,  a resistor  is 
shorted  across  one  arm  of  the  strain  gage  bridge.  The  resulting  signal  pro- 
duced corresponds  to  a definite  angle  of  twist  carefully  determined  from  previous 
calibrations. 

The  combined  data  ITom  these  two  components  provide  twist  measurements 

lb 
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with  the  accuracy  and  range  required  for  both  the  elastic  and  plastic  defor- 
laatioh. 

Elevated  twnperatuxes*  There  was  no  single  means  of  making  twist  raeaj- 
Burements  over  the  one-inch  gage  length  inside  the  furnace  for  elevated  tem- 
perature tests.  Therefore  it  was  necessary  to  depend  on  measurements  of  the 
over-all  twist  v/hich  could  be  made  from  outside  the  furnace.  Since  all  bars, 
shafts,  connections,  etc.  in  the  system  were  very  stiff  compared  to  the  stiff- 
ness of  the  specimen,  the  angular  rotation  of  the  flywheel  ^aft  could,  for 
practical  purposes,  be  considered  to  be  talcen  up  entirely  in  twist  within  the 
I-I5/16”  reduced  length  between  the  shoulders  of  the  specimen.  For  room  tem- 
perature tests,  both  •'flywheel  twist”  and  gage  length  twist  were  recorded  and 
from  these  measurements  a constant  determined  for  the  ratio  of  the  total  (fly- 
^eel)  twist  to  the  twist  within  the  gage  length.  Since  specimens  were  geo- 
metrically identical  and  the  temperature  was  known  to  be  uniform  along  the 
entire  reduced  length  of  the  specimen,  it  was  assumed  that  this  constant  was 
the  same  at  all  temperatures.  Gage  length  twist  for  elevated  temperatures 
was  computed  by  dividing  the  flyvdxeel  twist  by  this  twist  ratio. 

For  third  and  fourth  speeds,  the  flywheel  position  was  recorded  from  the 
output  signal  from  a small  magnetic  pickup  and  a gear  on  the  flywheel  shaft. 

As  each  gear  tooth  passed  by  the  magnetic  plclcup,  it  disturbed  the  magnetic 
field  setting  up  a current  which  produced  a deflection  of  the  mirror  in  one  of 
the  galvanometers  in  the  oscillograph.  The  cyclic  trace  recorded  had  one 
cycle  for  each  tooth  that  passed  the  pickup. 

For  the  two  slowest  teste  (at  first  and  second  speeds)  the  position  of 
the  flymdieel  or  over-all  twist  was  indicated  by  an  in^nilse  produced  by  a cam 
on  the  output  shaft  of  reducer  Eg  shown  in  Fig.  1,  One  inpulse  was  recorded 
for  each  5*33**  rotation  of  the  flywheel, 

^quence  Control  System?  The  time  required  to  break  the  specimen  in 

the  tests  at  the  hipest  strain-rates  is  quite  short;  for  exanple,  the  total 

time  required  to  fracture  specimens  of  75S-T  aluminum  at  room  tenperature at tia 
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two  highest  Btralzi-ratee  is  agoproxlmately  0.02  utd  1.0  seconds.  respeotlTeJy. 

In  order  to  record  Intelligible  data  in  these  short  time  interrals^  a high  qpeed 
of  the  oscillograph  paper  is  necessary.  A velocity  of  4^  Inches  per  second  is 
the  naxlmia  which  can  be  readily  obtained  with  the  oscillograph  used.  In  order 
to  avoid  using,  say  thirty  or  forty  feet  of  paper  per  teat  of  vdiich  a length  of 
only  a few  Inches  contains  the  entire  useful  record,  a rather  intricate  sequence 
switching  system  was  developed.  The  control  motor  and  attached  switches  are 
shown  in  Fig.  7. 

The  cam  shaft  C is  driven  by  the  small  motor  A through  the  gear  reducer  B. 
There  are  three  cams  mounted  on  the  shaft  C,  the  angular  poeition  of  each  can 
be  set  independently.  The  motor  A (and  the  tdiole  test  sequence)  is  started 
by  puidiing  the  reset  button  on  micro^swltch  B.  After  one  revolution  of  the 
cam  shaft,  the  motor  is  mwitched  off  automatically  when  the  plunger  B,  operated 
by  the  cam  nearest  the  motor,  depresses  the  pin  on  the  face  of  the  microswitch  F. 

During  this  one  revolution,  the  cam  at  the  outer  end  of  the  shaft  operates 
the  mltiple  pole  switch  F vdilch  controls  or  actuates  three  circuits  \du>se 
functions  are: 

1}  to  actuate  a solenoid  to  release  the  brake  on  the  osclllogreph  psper 
drive; 

2)  to  turn  on  the  motor  to  drive  the  recording  paper; 

3)  to  turn  up  the  brilliancy  of  the  oscillograph  lamp  for  recording. 

This  outer,  cam  is  adjustable  so  that  the  length  of  time  the  recording  paper 
is  to  run  can  be  set  in  advance.  At  the  end  of  this  time,  the  paper  drive 
motor  is  automatically  turned  off,  the  brake  applied,  and  the  recording  Insp 
dissned. 

The  test  is  initiated  vAien  two  pins  in  the  rotating  flywheel  are  released 
to  Jusp  out  and  engage  the  loading  arm  that  is  attached  to  tlie  end  of  the  speci- 
men. These  pins  are  released  by  a trigger  actuated  by  a solenoid  in  a circuit 
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closed  by  the  middle  cam  on  the  control  mechanism  diaft  (Fig.  7)*  ^ adjusting 

the  angular  position  of  this  cam  relative  to  the  outer  cam,  the  proper  time 
delay  can  he  preset  to  allow  the  oscillogra|di  paper  to  get  up  to  speed  before 
the  pins  are  tripped  to  start  twisting  the  ^ecimen. 

Eor  the  third  speed  tests  (vdien  the  total  test  time  is  several  seconds) 
the  cams  are  oriented  to  stop  the  control  motor  with  the  outer  cam  in  position 
to  leave  the  oscillograph  and  paper  running.  A second  multiple  switch,  opemting 
automatically  when  the  specimen  breaks,  opens  the  circuits  to  stop  the  oscillo> 
grax>h  and  paper  drive.  This  switch  is  not  diiovm  in  ?ig.  7« 

This  automatic  sequence  control  system  was  used  only  for  third  and  fourth 
speeds.  For  the  slower  speed  tests,  time  intervals  involved  were  long  enough 
that  manual  control  was  satisfactory. 

f.  Furnace  and  Controls:  An  electric  furnace  was  employed  to  provide  the 
anibient  temperatures  required  for  elevated  tenq)erature  tests.  It  was  designed 
to  provide  a minimum  of  variation  in  temperature  along  the  length  of  the  speci- 
men. A photograph  of  this  furnace  and  control  panel  is  shown  in  Fig.  10.  A 
diagrammatic  sketch  of  the  furnace  showing  pertinent  dimensions  is  given  in  Fig. 
8.  The  heating  colls  are  v;ound  with  platinum  vdre  and  the  pov/er  to  the  four 
elements  A,  and  C can  be  controlled  indlvidusdly. 

Bxtra  length  for  Insulation  was  allowed  at  the  ri^t  end  of  the  furnace 
to  conqiensate  for  extra  heat  losses  in  the  wei^i-bar  due  to  water  cooling.  How- 
ever, it  was  necessary  to  control  the  proportion  of  heat  input  to  the  differ- 
ent zones  of  the  furnace  to  obtain  optimum  uniformity  of  heating  along  the 
length  of  the  specimen.  Experiments  v/ere  made  with  several  dlffersmt  circuits 
for  connecting  the  heating  elements.  The  circuit  illustrated  in  Fig.  9 proved 
to  be  best  fitted  to  the  requirements.  It  is  simple,  utilizing  only  one  con- 
troller, yet  flexible  enough  for  easy  adjustment  to  compensate  for  different 

conditions  encountered  at  the  different  temperatures.  The  controller  employed 
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vas  a lAiealeo  Capacitrol  (!4odel  292}  of  the  on-off  type.  The  notation  In 
Fig.  9 ia  as  follows: 


Pg  - green  pilot  light 

- red  pilot  li^t 

R.  - heater  type  resistor,  allows 
a limited  continuoas  current 

V - Voltmeter 
o 

A - Ammeter 


m 

R^  - ▼ariahle  resistance,  allowing  a portion 
of  the  current  to  by-pass  coil  A. 

A,B,,Bp,C  - beating  coils.  (A,  at  the  loading  arm 
side;  C,  nearest  the  wei^bar) 

The  setting  of  the  ▼arlae  determines  the  current  during  the  *on"  period 
of  the  heating  cycle  and  the  value  of  R^  determines  the  current  during  the 
"off”  period.  The  value  of  Rg  is  adjusted  so  that  the  ten^rature  is  the 
same  at  the  two  ends  of  the  specimen* 

In  e^gperiments  to  check  the  uniformity  of  the  temperature  in  the  for** 
iiaoe»  chrome 1-alumel  thermocouples  were  peoaed  into  the  surface  of  a dummy 
specimen.  By  using  five  such  couples,  the  temperatures  were  owasured  at  the 
following  five  locations  along  the  length  of  the  specimen:  at  the  center, 

at  points  l/2  inch  to  either  side  of  the  center  (l.e.,  at  the  ends  of  a 
one-inch  gage  length),  and  at  points  at  the  base  of  the  end  fillets.  It 
was  discovered  that  for  higher  temperatures,  a larger  proportion  of  the  cur- 
rent was  required  by  coil  A to  keep  the  left  end  of  the  specimen  at  the 
sane  temperature  as  the  rl^t  end. 

Using  settings  determined  in  the  e:gperiments  described  above,  uniform- 
ity of  temperature  along  the  entire  reduced  length  of  the  specimen  is  maiiv* 
talned  within  about  two  degrees  Fahrenheit  for  lower  temperatures  and  wlthlu 
ten  degrees  at  the  highest  tenperatures  (120QF)  required  in  this  program. 
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6.  Interpretation  of  OBcillograph  Records. 

Two  typical  oscillograph  records  obtained  in  room  temperature  torsion 
tests  are  shown  in  I'lgs.  11  and  22.  The  traces  representing  each  quantity 
recorded  are  labeled  and  some  of  the  measurements  made  from  the  record  are 
illustrated.  Fig.  13  shows  the  curves  for  twisting  moment  vs.  angle  of  twist 
plotted  from  measurements  obtained  from  the  record  in  Fig.  11.  A set  of 
sanple  calculations  have  been  included  as  Table  IV  to  illustrate  how  each 
physical  quantity  is  computed  from  the  data  read  from  the  oscillograph  rec- 
ords. 

For  elevated  temperature  tests,  the  quantities  recorded  are  the  same 
except  there  are  no  direct  twist  measurements  for  the  one-inch  gage  length. 
Since  ductility  la  generally  substantially  greater  at  some  of  the  elevated 
temperatures,  longer  records  resulted  and  in  some  oases  paper  speeds  were 
reduced  somewhat  to  prevent  them  from  being  unreasonably  long. 
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III.  BESCJIffS  07  SSKINBNTS 


7*  IVe«antatlon  ef  the  Data, 

Although  this  study  was  primarily  in  torsion,  ordinary  roouHtsiqperature 
static  tonsils  tests  were  conducted  to  provide  a means  of  establishing  the 
general  aiaterlal  properties  in  terms  of  the  more  standardised  type  tests. 

The  tensile  tests  were  performed  by  ea^iloylng  an  Amsler  testing  machine  of 
the  hydraulic  type.  The  tensile  properties  as  determined  by  tests  of  three 
specimens  of  each  material  are  given  in  Table  II.  SanQ^le  stress~strain 
curves  for  each  metal  are  given  in  Tigs.  lU  and  I3.  7ig.  I3  Shows  the  ordi» 
nary  stress-strain  curves  and  Tig.  l4  the  "true"  stress-strain  curves  accord* 


ing  to  the  following  definitions: 

p 

o *e  rr—  « ordinary  stress 


f *.  ordinary  strain 

*0 

at  ~ « "true  stress" 


<^  **  In  ^ at  "true  strain" 


F « load 

Aq  m area  before  loading 
A « actual  (minimum)  area 
s original  gage  length 

2 actual  length 


A pronounced  yield  point  was  observed  in  tensile  tests  of  both  steels  and 
both  titanium  alloys  tested  whereas  a smooth  stress-strain  curve  was  ob- 
tained for  the  magnesium  and  shxmlnum  alloys  (Fig.  I3). 

The  accuracies  of  the  values  of  the  torsional  properties  reported  here 
are  governed  by  the  Instruments  and  methods  used  to  record  and  interpret  the 
data.  Torque  values  depend  on  the  faithfulness  of  the  pickup  and  amplifier 
circuits,  on  the  accuracy  of  calibration  and  on  the  precision  with  v/hich 
values  are  sealed  from  the  records.  Large  angles  of  twist  in  the  gagelengih 
can  be  measured  at  room  tenperature  with  an  accuracy  of  about  1 or  2 degrees, 
but  at  elevated  temperatxires  tlie  error  may  be  somewhat  greater  if  the  rela- 
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tire  distribution  of  strain  along  the  length  of  the  specimen  changes  with 
temperature.  The  per  cent  error  in  measurements  of  small  angles  of  twist 
was  somewhat  higher  depending  on  the  rate  of  travel  of  the  recording  psfper 
as  compared  to  the  rate  of  strain.  In  general  tiie  values  determined  repre- 
sent the  property  exhibited  in  the  sample  with  an  error  of  no  more  than  six 
per  cent.  In  a few  instances  there  was  reason  to  believe  the  error  may  have 
been  somewhat  larger  than  six  per  cent,  but  in  most  eases  it  was  substantial- 
ly smaller. 

The  torsional  properties  determined  in  this  investigation  are  discussed 
briefly  in  the  following  sections. 

a.  Explanation  of  the  Torsional  ft-operties  Reported.-  In.  determination 
of  the  properties  for  torsion  the  strain  at  a given  section  is  assumed  to 
vary  in  direct  proportion  to  the  radial  distance  from  the  central  axis;  all 
computaticns  for  stress  and  strain  apply  to  the  material  at  the  extreme  fiber 
or  periphery  of  the  test  section.  As  Illustrated  in  the  Sample  CalculatlonSe 
Table  IT,  the  proiwrties  reported  in  terms  of  stress  units  (psi)  are  all  com- 
puted according  to  the  elastic  relation  t » T/(J/c),  >diere;  r » strength 
property  (proportional  limit,  yield  point,  etc.)  in  psi.;  T » Torque  (or 
twisting  moment)  in  lb- in.;  J/c  s section  modulus  of  minimum  section  of 
specimen  in  in^. 

In  cases  ^diere  the  contour  of  the  torque-fcidst  curve  was  smooth  during 
the  initiation  of  inelastic  deformation  the  '^ield  strength’*  was  determined 
from  the  torque  corresponding  to  an  offset  of  0.2  per  cent  shearing  strain 
(or  ^proximately  O.92®  twist  in  the  T vs.  0 diagram). 

The  upper  and  lower  "yield  points"  were  determined  for  tests  in  which 
the  observed  torque  on  the  test  specimen  dropped  suddenly  at  the  beginning  of 
yielding  and  then  Increased  again  as  twisting  progressed  further.  The  values 
of  yield  points  recorded  are  based  on  the  torque  at  the  maximum  and  minimum 
points  in  this  region  of  the  torque-time  record. 
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The  modulus  of  rupture  b7  definition  la  calculated  from  the  same  equap> 
tion  by  using  for  T the  masdmum  resisting  torque  developed  during  the  test. 

The  shearing  strain  Y was  conqjuted  from  the  angle  of  twist  6*  In  ra- 
dlans***  within  the  gage  length  |l  and  for  a radius  c by  the  relation: 


c0* 

T 


(1) 


■/plication  of  this  relation  for  determining  strains  for  large  angles  of 
tvrist  may  be  questioned  (63).  However  It  is  considered  to  give  an  accuracy 
consistent  with  other  assumptions  on  which  the  present  calculations  are  based 
and  is  useful  here  because  of  Its  simplicity* 

The  values  of  "energy  absorbed"  that  are  tabulated  represent  the  total 
energy  to  fracture  for  the  one-inch  gage  length  and  not  the  energy  per  unit 
volume  as  usually  reported  for  tension  testa.  Because  of  the  strain  gradient 
In  the  torsion  specimens  the  energy  absorption  would  be  hipest  In  the  mar- 
terial  at  the  circumference  and  less  for  points  nearer  the  axis. 

b»  Evaluation  of  the  Proportional  limit:  - Althou§Jj  the  values  of  the 
proportional  limit  were  determined  for  each  specimen « they  are  not  ^own 
graphically  or  considered  in  the  analysis  since  this  property  is  so  indefi> 
nite.  Although  it  is  affected  by  the  rate  of  strain,  it  has  been  pointed 
out  (103)  that  the  proportional  limit  measured  depends  also  on  the  tyx>e  of 
testing  machine,  sensitivity  of  extensometer,  scale  to  which  results  are 
plotted,  the  personal  element  in  choosing  the  point  of  departure  from  a 
straight  line,  and  the  presence  of  small  amounts  of  residual  stress,  cold 
work  etc*  Dolan  and  Sidebottom  (I9)  have  pointed  out  some  of  the  difficul- 
ties encountered  in  detecting  the  actual  point  of  departure  from  linearity 


+ 0*  is  used  to  indicate  the  angle  of  twist  in  radians;  0 without  the  prime 
is  reserved  in  this  manuscript  to  represent  the  angle  of  twist  expressed 
in  degrees* 
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when  a stress  gradient  exists 


The  proportional  limits  determined  were  based  on  the  departure  f^om 
the  straight  line  in  the  ctirve  representing  torque  versus  angle  of  tv;ist. 

For  certain  combinations  of  circumstances,  mainly  at  elevated  temperatures 
and  high  straiiwrates,  v/here  the  initial  rise  in  torque  was  very  rc^id  with 
respect  to  the  speed  of  the  paper  in  the  camera  of  the  oscillograph,  the 
end  of  the  linear  range  was  the  only  point  that  could  be  accurately  plotted. 
In  such  cases  the  proportional  limit  represents  the  end  of  proportionality 
of  the  torque- time  relationship  t^rtiieh  coincides  exactly  with  the  proportion- 
al limit  for  torque  vs.  strain  only  when  the  strain-rates  are  perfectly  con- 
stant. 

It  was  observed  from  the  original  data  that  the  scatter  in  proportional 
limit  for  the  individual  specimens  for  a given  set  of  coasditions  was  general- 
ly greater  than  is  observed  for  yield  strength  or  modulus  of  rupture, 

c.  Determination  of  the  !^dulua  of  Elasticity:  In  calculation  of  the 

modulus  of  elasticity  or  modulus  of  rigidity,  the  slope  of  the  linear  portioa 
of  the  stress-strain  or  torqae-tvrf.st  curve  must  be  determined.  This  calcul»> 
tion  involves  talcing  the  ratio  of  an  ordinate  and  abscissa  with  magnitudes 
of  the  order  of  the  proportional  limit  stress  and  proportional  limit  strain 
respectively.  The  proportional  limit  stress  is  a large  proportion  of  full 
deflection  in  the  torque  record  and  therefore  can  be  measured  with  reasonable 
accuracy.  This  was  not  generally  the  case  for  the  strain  increment.  For 
test  conditions  which  did  not  develop  large  amounts  of  ductility,  the  pro- 
portional limit  strain  was  only  about  5 P®r  cent  of  the  total  strain  during 
the  test;  for  specimens  having  great  ductility  the  proportional  limit  strain 
was  as  small  as  0,03  per  cent  of  the  total  strain.  It  is  clear  that,  for 
continuous  recording,  a speed  of  oscillograph  paper  that  would  stretch  the 
record  out  sufficiently  to  provide  reliable  measurement  of  the  proportional 

limit  strain  would  be  prohibitive  in  length  to  record  the  entire  test. 
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Only  In  first  sjMed  tests  were  the  tine  intervals  long  enon^  to  per- 
mit a switch  from  continuous  recording  during  the  elastic  deformation  to 
intermittent  recording  for  the  remainder  of  the  test  in  order  to  stretch  the 
length  of  the  record  for  the  elastic  deformation  but  shrink  the  length  of 
the  record  for  the  plastic  deformation.  Therefore,  the  first  speed  tests 
were  the  only  ones  in  which  any  effect  of  elevated  temperature  on  the  elas- 
tic stiffness  of  the  metals  could  be  measured. 

Shearing  modulus  of  elasticity  measurements  were  determined  for  room 
ten^erature  tests  and  conformed  reasonably  well  with  generally  accepted 
nominal  values.  However  it  is  generally  felt  that  only  a limited  signifi- 
cance should  be  attached  to  values  of  modulus  of  elasticity  determined  from 
such  a short  gage  length  (one-inch). 

Beesnse  of  the  considerations  which  have  been  outlined  above,  no  values 
for  modulus  of  elasticity  are  included  in  this  report. 

Explanation  of  the  "iraphs;  The  magnitudes  of  the  properties  mea- 
sured in  these  experiments  are  plotted  in  the  graphs  given  in  Figs.  l6-59> 
Except  idiere  otherwise  Indicated,  each  point  plotted  in  these  figures  repre- 
sents the  average  from  three  or  more  tests.  Curves  are  sketched  in  to  ^ow 
the  average  trends  in  the  data.  Since  the  variation  of  each  property  with 
the  two  parameter 8 of  strain-rate  and  temperature  was  studied,  most  of  these 
grsgphs  are  three  dimensional  plots;  each  graph  is  intended  to  shov;  the  com- 
bined effects  of  the  tv«>  parameters  on  one  property  of  a metal.  However, 
some  two  -dimensional  plots  are  included  to  aid  in  visualizing  magnitudes 
and  to  show  certain  individual  effects  more  clearly.  The  ten5>eratvire  in 
Fahrenheit  in  these  graphs  is  plotted  on  a uniform  linear  scale  vdiereas  the 
rate  of  strain  is  plotted  to  a logarithmic  scale.  Since  the  ratio  of  any 
tvro  consecutive  testing  speeds  was  50: 1 the  scale  used  for  rate  of  strain 
is  linear  with  respect  to  the  speed  number. 

In  all  graphs  where  both  solid  and  open  circles  are  used,  the  data 
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represented  "by  the  solid  black  circles  refer  to  the  series  of  tests  in  \diich 
specimens  were  heated  to  the  ten^>erature  ^ecified  for  the  test  and  held  at 
this  ten^jerature  for  one  half  hour  before  the  beginning  of  loading.  This 
condition  is  referred  to  as  "unaged'*.  Open  circles  refer  to  the  series  of 
tests  made  on  specimens  which  were  given  the  200-hour  aging  treatment  at  the 
test  temperature  prior  to  the  test.  Except  in  special  cases,  mainly  for 
aluminum,  v;here  both  curves  are  shown,  the  curves  sketched  are  intended  to 
represent  the  average  trend  of  the  data  for  the  solid  points.  In  graphs  in 
which  only  one  set  of  symbols  appears,  the  symbols  represent  the  data  for 
\inaged  specimens. 

Eig.  35”^  shows,  a family  of  curves  vrhich  illustrate  the  effect  of  tempei?. 
ature  on  the  yield  strength  of  73^^  aluminum  alloy  in  torsion  tests.  Each 
curve  shows  the  variation  of  yield  strength  with  tenqjerature  at  one  given 
rate  of  strain.  Subscripts  for  strain-rate  ^ are  In  accordance  with  the 
usual  speed  notations  designated  as  follows: 

c 0.0001  in. /in. /sec.  » first  speed 
'^'a  = 0,005  In./in./sec.  = second  speed 
= 0.25  in./in./sec.  = third  speed 
‘5'lj,  = 12.5  in./in./sec.  = fourth  speed 

Pig.  35-a  shows  the  same  data  replotted  to  show  the  variation  of  yield 
strength  with  rate  of  strain  for  each  temperature.  The  data  in  Pigs.  35-^ 
and  35“1>  are  combined  in  the  three-dimensional  plot  in  Pig.  36  and  ejqjeri- 
mental  values  for  unaged  specimens  arc  represented  by  the  solid  black  dots 
and  solid  curves.  The  vertical  planes  are  shaded  to  illustrate  hovr  the  two- 
dimensional  curves  in  Pig.  35  ^it  into  the  three-dimensional  plot  (viewed 
from  front  and  left). 

The  open  circles  and  broken  cuives  superimposed  on  the  graph  in  Pig.  36 

sliow  the  yield  strengths  for  specimens  v;hich  were  given  an  aging  treatment 

of  200  hours  at  the  test  temperature  before  being  tested. 
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In  Fig.  37  the  modulus  of  rupture  for  the  75.®“^  ahimlnum  alloy  la  plot- 
ted in  the  same  manner  as  the  yield  strength  in  Tig.  Hga«  3S-tL  and  h 

illustrate  how  the  variation  in  total  shearing  strain  to  fracture  is  affected 
hy  rate  of  strain  and  temperature  respectively;  the  combined  three-dimen- 
sional curves  are  shown  in  Tig.  39*  ^1  shows  the  energy  absorbed  to 

fracture  for  the  same  material  and  test  conditions. 

Similar  curves  are  shown  in  Figs.  l6-3^  and  ^2-59  for  the  other  six 
metals  tested.  In  tests  of  SK2  lOlS  steel  a sharp  break  in  the  torque-twist 
curve  was  observed  at  the  yield  point  for  certain  temperatures  and  rates  of 
strain  (Tigs.  62,  63  and  66).  In  these  cases  vcpper  and  lower  "yield  points" 
were  determined.  At  hl^i  tenperatures  and  slow' rates  of  strain,  hovrever,'  the 
torojue  did  not  drop  dxirlng  yielding  but  Increased  continuously.  In  the  lat- 
ter eases  a yield  strength  based  on  0.2  per  cent  shearing  strain  offset  was 
coEputed.  The  “yield  strength"  plotted  in  grardis  such  as  Figs.  l6  and  17 
represents  the  "lo%rer  yield  point"  tdien  present,  or  the  offset  yield  strength 
for  instances  in  which  no  sharp  yield  point  was  observed. 

Some  of  the  torque-twist  curves  for  titanium  also  exhibited  maximum  and 
mlniiDum  points  in  the  region  of  initial  yielding  (Figs.  ^ and  63);  thus, 
upper  and  lower  yield  points  were  determined  as  in  the  ease  of  SA£  lOlg  steel. 
This  ihenomenon  was  not  observed  for  all  tenperatures  and  strain-rates;  there* 
fore,  the  curves  for  yield  strength  in  Pigs.  47  and  4g  are  plotted  in  the 
same  manner  as  described  above  for  SA£  1018  steel. 

The  influence  of  tenperature  and  rate  of  strain  on  the  magnitude  of  the 
drop  in  torque  at  yielding  is  illustrated  in  Fig.  23  for  1018  steel  and  Fig. 

53  for  HG-70  titanium.  In  these  figures  the  "Y.P.  Ratio  - 1"  represents 
the  decimal  fraction  by  which  the  ratio  of  the  upper  yield  point  to  the 'lower 
yield  point  exceeds  unity.  It  can  be  seen  that  the  maximum  ratio  of  upper  to 
lov;er  yield  }>oint  for  RC-70  titanium  occurs  at  different  temperatures  and 

WADU  TH  53-10  28 


qpeed.8  than  for  the  lOlS  steel. 

8.  Dlscasslon  of  Results. 

Because  of  the  wide  differences  observed  In  the  behavior  of  the  metals 
studied  here,  the  e^cperlmental  results  for  each  metal  are  discussed  separ- 
ate V following  sections. 

a.  SAE  1018  Steel;  The  SAB  1018  steel  was  received  in  hot  rolled  round 
bars  5/8  in.  in  diameter  and  fulfilled  the  ^ecifications  set  up  in  Spec. 
AlUQ,QrS-6U6.  Its  specific  gravity  was  about  "J.EG.  The  chemical  analysis 
as  furnished  by  the  manufacturer  is  included  in  Table  I.  Specimens  were 
machined  from  the  bars  in  the  condition  as  received  without  further  heat 
treatment.  This  metal  falls  under  the  classification  of  mild  steel  and, 
because  of  the  vast  amount  of  study  already  devoted  to  this  type  of  metal, 
most  of  the  tendencies  exhibited  in  the  present  study  have  been  observed  be- 
fore. Unfortunately  however,  despite  the  extent  of  previous  research,  the 
mechanisms  governing  the  characteristics  observed  have  not  all  been  deter- 
mined. 

Strength:  The  experimental  results  plotted  in  Pig.  18  show  that,  for 
ten^ratures  of  7OOP  ahd  below,  the  strain-rate  had  little  effect  on  the 
modulus  of  rupture  of  1018  steel,  but  for  lOOOP  there  was  a marlced  decrease 
in  strength  with  decreasing  speed.  This  latter  temperature  probably  was 
sufficient  to  allow  a substantial  amount  of  softening  or  recrystallization 
which  progressed  more  completely  as  time  went  on,  therefore  very  little  bene- 
fit was  derived  from  work  hardening;  whereas  the  rate  of  recrystallization 
was  too  slow  at  temperatures  below  800P  to  produce  measurable  effect  before 
fracture. 

Strength  was  higher  for  tenperatures  around  UOOP  than  at  room  tempera- 
ture, as  is  expected  for  strain  aging  materials,  and  was  progressively  lower 
for  temperatures  above  about  400P,  The  lowest  strengths  nwasured  were  for 
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the  highsst  temperatiire  and  the  eloweet  qoeed. 

The  yield  strength  or  yield  point.  Tig.  17,  Vas  more  sensitive  than  the 
modulus  of  rapture  to  rate  of  strain,  since  initial  yielding  in  this  type 
of  steel  is  through  development  and  propogatlon  of  ISiders  hands,  a hi^ly 
tifflfr*dependent  phenomenon.  Tor  more  rapid  loading  or  lower  tenqperatures 
higher  elastic  strengths  resulted. 

The  yield  point  ratio,  defined  here  as  the  ratio  of  upper  and  lover 
values  of  torque  in  cases  %diere  yielding  was  aeconpanied  by  a sudden  drop 
in  the  torque,  showed  considerable  sensitivity  to  both  teiqperatare  and  time 
(Tig.  23).  It  is  well  known  that  the  upi>er  yield  point  (and  hence  the  ratio) 
is  also  affected  by  factors  other  than  speed  and  tenperature.  In  tension 
teste  the  magnitude  of  the  upper  yield  point  depends  on  the  machine  used,  a 
"hard"  or  stiff  machine  giving  hi^er  values  than  a "soft"  machine  \diieh 
tends  to  iron  out  the  Jog  in  the  force^deformatlon  curve.  The  occuranee  of 
an  upper  yield  point  depends  on  the  geometry  of  the  specimen,  the  surface 
finish,  etc.  A more  complete  discussion  and  review  of  the  literature  on  the 
yield  point  phenomenon  is  given  in  Ref.  66. 

The  yield  point  is  generally  considered  to  be  related  to  strain  aging 
and  is  associated  with  the  presence  of  carbon  and  nitrogen  in  the  steel. 

The  detailed  mechanism  which  results  In  the  observation  of  a yield  point  is, 
however,  not  clear.  One  explanation  based  on  the  theory  of  dislocations  (l4) 
attributes  the  sudden  yielding  to  the  tearing  f^ee  of  dislocations  from 
"atmospheres"  of  solute  carbon  and/or  nitrogen  atoms,  leaving  the  disloca- 
tions mobile  and  able  to  produce  rapid  flow  under  smaller  forces.  The  force 
required  to  release  a dislocation  from  its  atmosphere  is  less  at  higher  tem- 
peratures due  to  the  added  thermal  energy  present. 

Ductility;  Ductility  of  1012  steel  as  measured  by  the  total  shearing 
strain  was  found  in  general  to  increase  with  higher  tenperature  and  longer 
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tltoe  (slower  rates  of  loading)  except  as  modified  by  the  blue-brittleness 
effect  at  intermediate  temperatures.  IFhese  trends  are  Illustrated  in  "Fign* 
19  and  20. 

Blue-brittleness  shows  up  as  a lowering  of  ductility  for  moderately 
elevated  temperatures  which  would  otherwise  be  e^^cted  to  increase  ductil- 
ity. This  usually  occurs  over  a fairly  wide  teiiQ)erature  band  so  that  the 
mlnifflUffi  point  for  one  set  of  data  mi^t  be  chosmi  anymore  within  a range 
of  a hundred  or  more  degrees.  An  increase  in  strength  frequently  accostpa- 
nies  the  loss  in  ductility  in  this  temperature  range  but  not  always  to  the 
same  de^ee.  The  maximum  strength  is  usually  observed  at  a temperature 
sli^tly  different  ^om  the  minimum  ductility. 

Blue-brittleness  is  considered  to  be  the  result  of  strain  aging  (27« 

64,  39)  and  the  tea^rature  at  which  it  occurs  is  a function  of  the  rate 
of  straining.  Fig.  60  shows  the  temperature  for  minimum  ductility  plotted 
versus  rate  of  strain  for  data  scaled  ftrom  the  curves  in  Fig.  19.  For  the 
sake  of  comparison,  a few  data  from  the  literature  are  also  plotted  in  Fig. 
60.  Data  from  all  three  sources  fall  within  the  same  general  scatter-band 
represented  by  the  dashed  lines*  The  general  trend  of  this  scatter-band  can 
be  espressed  mathematically  in  the  form 


or 


A » 


(2) 


B 

C - In  V’ 


(3) 


where  A,  B and  C are  constants,  "9  the  shearing  strain-rate  and  % the  abso- 
lute temperature  in  Hanklne  units.  Evaluating  the  constants  for  the  solid 
average  line  in  Fig.  60  we  find  A = I.77  x 10^,  B s 3.25  x 10^,  C In  A = 
28.2.  Equation  3 then  becomes 
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28.2  - In 
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Othor  investigators  (2?)  report  qualitative  agreement  that  the  hlue-hrittle 
temperature  increases  with  rate  of  strain  hut  in  most  eases  the  actual  rates 
of  strain  are  not  reported.  The  scarcity  of  strainorate  data  is  prohahly 
because  it  is  very  difficult  to  determine  reliably  the  rate  of  strain  in  the 
bending  impact  test  or  tension  tests  in  which  necking  occurs.  The  blue> 
brittleness  jdienomenon  has  not  been  observed  in  non-straixv-aging  metals. 

b.  SAE  43UO  Steelt  - The  SAE  4340  steel  was  received  in  the  form  of 
hot»rolled  round  bars  5/^  In  diameter  and  fulfilled  the  specifications 
set  up  in  %>ec.  MIL.&>5000.  The  specific  gravfty  was  about  chem> 

ioal  analysis  as  furnished  by  the  manufacturer  is  given  in  Table  I.  This 
alloy  steel  can  be  heat-treated  to  very  hi^  strengths  but  (for  the  purpose 
of  conparlson  with  the  annealed  titanium  alloy)  was  quenched  in  oil  from 
I3OOE  and  tendered  at  1130F  to  give  a hardness  of  approximately  33  Hockwell 
C which  corresponds  with  an  ultimate  tensile  strength  of  about  130,000  pal. 
In  this  condition  the  4340  steel  exhibited  a sharp  yield  point  in  tension 
azul  considerable  ductility. 

Strength:  The  e^q^erimental  results  illustrated  in  Figs.  24-26  show 

a rather  consistent  decrease  in  yield  strength  and  modulus  of  rupture  with 
increasing  temperature  and  decreasing  strain-rate  over  the  entire  range  of 
both  parameters.  The  loss  in  strength  was  someidiat  more  rapid  at  tempera* 
tures  above  about  J007,  Strength  was  sustained  at  higher  temperatures  for 
4340  steel  than  the  other  metals  tested  here. 

Ductility:  Fig.  28  indicates  that  a general  increase  in  total  strain 

accospanied  an  Increase  in  temperature  at  every  rate  of  twisting;  in  Fig.  27 
it  can  be  observed  that  the  strain  also  Increased  vdxen  the  strain-rate  was 
decreased. 
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Large  strains  were  developed  at  1200F,  particularly  for  the  two  slower 
speeds.  It  can  he  seen  in  Ilg.  28  that  at  1200P  and  ^ = 0.0001  In./in./sec. 
ftacture  occurred  with  somewhat  less  strain  than  for  the  next  faster  rate. 

c.  24S-»T  Aluminum  Alloy:  In  the  manufacturing  process  the  2US-T  alu- 

minum alloy  was  formed  into  round  hars  II/16  In.  in  diameter  hy  hot  rolling 
and  then  cold  drawn  to  the  final  diameter  of  5/®  ih*  before  solution  heat 
treatment.  This  metal  fulfilled  the  specifications  set  up  in  ^ec.  QQr-A-35^. 
The  chemical  analysis  as  supplied  by  the  manufacturer  is  given  in  Table  I. 

The  specific  gravity  of  the  ^S-T  alloy  is  2. 77-  This  alloy  was  in  the  con- 
dition designated  t4  indicating  that  it  was  not  artificially  aged  by  the 
manufacturer  but  had  been  given  a solution  heat-treatment.  The  recoranended 
treatment  for  increased  strength  of  this  alloy  includes  cold  working  followed 
by  a precipitation  heat-treatm«it  at  375^*  ^4e  t4  condition  natural  ag- 

ing is  known  to  occur  at  room  temperature  and  further  aging  v;ill  take  place 
at  moderately  elevated  temperatures. 

The  properties  of  the  aluminum  alloys  at  normal  and  elevated  temperatures 
are  influenced  to  such  a large  extent  by  precipitation  aging  after  solution 
heat-treatment  that  a brief  and  simplified  discussion  of  this  phenomenon  is 
presented  here  and  used  as  a basis  for  e^qplaining  some  of  the  results  ob- 
served in  esqperlments. 

ft-ecipitation;  In  several  aluminum  alloys  in  which  the  principal  alloy- 
ing constituent  shows  a marked  incMase  in  solubility  at  elevated  temperar* 
tures.  heat-treatment  affords  a means  for  additional  inqorovement  in  strength. 
The  commonly  accepted  explanation  for  the  mechanism  throu^  iidiich  this 
Strengthening  or  hardening  is  achieved  seems  to  be  in  accord  with  the  be- 
havior observed  here. 

1/hen  the  metal  is  heated  to  a teniperature  of  about  9^0^  ^s4e  alloying 
constituents  go  into  solution  and  diffuse  throughout  the  matrix  providing  a 
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nearly  homogeneous  solid  solution.  Upon  rapid  cooling  or  quenching  the 
htfdening  elements  are  not  allowed  sufficient  time  to  precipitate  from  solid 
solution  in  accordance  v;lth  their  reduced  sohihlllty  at  the  lower  tempera^ 
ture  hut  remain  in  supersaturated  solution.  As  time  passes  howerer  these 
constituents  gradually  precipitate  out  at  a rate  which  shows  marked  increase 
at  temperatures  sli^tly  above  room  tenperature.  These  tiny  particles  are 
evenly  distributed  throu^out  the  matrix  when  they  form  and  tend  to  inhibit 
slip,  thus  reducing  ductility  and  increasing  strength  and  hardness.  By  a 
limited  Increase  in  time  or  temperature  in  the  proper  combination,  the  num- 
ber and  size  of  these  precipitated  particles  (and  the  hardness)  are  increased. 
However  with  further  increase  in  time  or  temperature  the  particles  begin  to 
coalesce  into  larger  particles  which  are  not  as  effective  as  the  smaller, 
more  dispersed  particles,  in  hardening  the  metal.  This  progressive  precipi- 
tation and  initial  coalescence  which  results  in  hardening  is  often  referred 
to  as  aging,  and  when  allowed  to  proceed  to  excess,  is  called  overaglng. 

Strength!  The  yield  strength  of  24S.T  alvunlnum  alloy  was  slightly  in- 
creased at  elevated  temperatures  up  to  about  400F  as  compared  to  room  tem- 
perature values  for  all  speeds  of  testing  as  shown  in  Pigs.  30  and  3l»  This 
is  evidence  that  aging  occvirred  during  heating  and  during  the  half  hour  at 
the  test  tenperature  before  the  torque  was  applied.  The  differences  in  the 
duration  of  the  tests  at  the  various  speeds  was  not  sufficient  to  Influence 
appreciably  the  aging  effect  observed.  At  400P  more  precipitation  undoubted- 
ly took  place  than  at  200P  but  it  was  offset  by  the  normal  weakening  effect 
of  this  Increased  temperature;  approximately  the  same  strength  resulted  at 
both  200P  and  400P. 

At  600?  a marked  decrease  in  yield  strength  was  observed.  This  was  the 
result  of  the  ordinary  softening  effect  which  occurs  at  elevated  tempera- 
tures, and  possibly  combined  with  a limited  amount  of  over-aging.  Only  at 
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the  hipest  temperature  (600r)  did  the  increase  in  strain-rate  app^sciahly 
increase  the  yield  strength  of  24S-T  aluminum.  In  room  ten?pernture  tedts, 
a larger  increase  in  yield  strength  was  observed  at  fourth  speed  than  would 
be  ejected.  Careful  re-examination  of  the  oscillograph  records  indicates 
that  this  increase  may  be  partly  attributed  to  interpretation  of  the  record. 
If  it  had  been  possible  to  obtain  hi^er  rates  of  travel  of  the  record  ps®>er 
a slightly  earlier  departure  from  linearity  would  have  be«i  revealed  in  this 
instance.  At  slower  rates  of  deformation  both  the  elastic  and  maximum 
strengths  were  lowered.  There  was  more  time  at  slower  strain-rates  for  flow 
of  the  grain  boundary  material  etc. 

As  the  tengjerature  was  raised,  the  modulus  of  rupture  (Slg.  32)  began 
to  decrease  at  about  200P.  This  was  a lower  temperature  than  that  at  %diich 
the  yield  strength  began  to  diminish.  Rrobably  recrystallization  and  other 
softening  tendencies  progressed  during  the  plastic  portion  of  the  tests  at 
teciperatures  above  200F  to  an  extent  that  prevented  the  full  Increase  of 
strength  from  strain-hardening  which  occurred  at  lower  temperatures. 

Ductility!  As  shown  in  Pig.  33  there  was  no  general  Increase  in  the 
total  strain  to  fracture  in  24S-T  specimens  as  the  temperature  was  increased 
up  to  about  50®^.  ^4iy  aging  which  tends  to  maintain  the  strength  at  ele- 
vated temperatures  also  tends  to  prevent  an  increase  in  ductility.  Hence  the 
observed  variations  in  strength  and  ductility  were  consistent. 

At  6OOP  over-aging  and  recrystallization  contributed  to  large  increases 
in  ductility  at  all  four  strain-rates.  Except  for  a sli^t  decrease  in  duc- 
tility at  the  highest  strain-rate  the  rate  of  strain  had  no  effects  on  duc- 
tility that  were  consistent  for  any  tv;o  speeds  of  straining. 

d.  75S-T  Aluminum  Alloy;  The  75®-T  aluminum  alloy  was  received  from 
the  manufacturer  in  the  form  of  round  bars  which  had  been  hot  rolled  to 
11/16  in.  diameter  and  then  cold  drawn  to  the  final  diameter  of  5/S  in. 
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The  75S-T  alloy  fulfilled  the  ^ecificatlone  eet  up  in  Spec.  AK-A-ll.  The 
chemical  analysis  as  supplied  hy  the  manufacturer  Is  given  in  Table  I.  The 
specific  gravity  of  the  75®“®  alloy  is  2. SO.  This  alloy  was  in  the  condition 
designated  T6  indicating  that  it  had  been  solution  heat-treated  and  was  arti- 
ficially aged  for  24  hours  at  25OT  by  the  manufacturer. 

Strength:  The  strength  of  75®“®  aluminum  alloy  as  measured  by  yield 
strength  or  modulus  of  rupture  in  torsion  was  only  sli^tly  less  at  200F  than 
at  room  temperature  (See  Figs.  35 » 36,  37)*  A sli^t  strengthening  effect 
from  additional  agi:"g  seems  to  have  taken  place  at  200P  to  offset  the  dele- 
terious effect  of  the  teomerature  increment  so  that  the  strength  was  main- 

i 

tained  almost  equal  to  that  at  room  tenqierature.  This  temperature  is  not 
sufficiently  high  to  expect  overaging  to  occur  dur ing  the  time  intervals 
encountered  here. 

The  tests  at  400F  were  appreciably  above  the  normal  cclofi  temperature 
for  this  alloy  and  therefore  overaging  was  probably  pronounced  enougjhi  to 
add  to  the  ordinary  weakening  effect  of  temperature,  particularly  for  the 
lower  rates  of  strain.  60OF  expressed  in  absolute  units  is  1D60^  Rankine 
or  about  two-thirds  the  absolute  temperature  of  the  melting  point  of  this 
alloy.  At  this  temperature  the  metal  was  quickly  overaged  and  recrystalli- 
sation or  softening  was  rapid;  it  is  weakened  to  such  an  extent  that  the 
strengths  observed  were  very  low.  The  75®"®  alloy  was  no  longer  stronger 
at  6OOF  thah^  other  aluminum  alloys  which  exhibit  considerably  lower  streng^S 
at  room  temperature. 

The  ratio  of  yield  strength  to  modulus  of  rupture  was  hipest  for  the 
hi^eet  temperature  and  lowest  rate  of  strain.  The  maximum  torque  occurred 
at  a very  small  per  cent  of  the  total  strain  for  this  condition*  Probably 
a continuous  reerystallizatlon  accompanied  the  deformation  and  its  weakening 
effect  progressed  more  rapidly  than  the  strengthening  effect  due  to  strain 
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hardening.  The  strain  hardening  capacity  of  the  75S-T  alloy  was  relatively 
saall  at  room  teniperature  as  shovm  hy  the  small  slope  of  the  tensile  true 
stress-strain  curve  illustrated  in  Fig.  l4v 

When  loaded  at  room  temperature  there  was  no  overaging.  Any  relaxation 
or  creep  took  place  slowly  and  there  was  a gradual  increase  in  resistance  to 
deformation  as  a result  of  work  hardening  so  that  the  maximum  torque  was 
reached  near  the  end  of  plastic  deformation. 

Ductility;  For  temperatures  up  to  UOOF  the  increase  in  ductility  (Figs. 
38  and  39  corresponded  very  closely  with  the  decrease  in  strength.  The 
marked  increase  in  ductility  at  600F  at  fourth  speed  over  thnt  for  lower 
temperatures  was  e;q>ected  to  result  from  over  aging  and  from  reerystallisation 
which  could  take  place  readily  at  this  temperature  as  the  crystals  were  de- 
formed. At  third  sp^ed  the  additional  time  allowed  more  complete  recrystal- 
lisation; conditions  were  optimum  for  unrestrained  or  maxlngam  plastic  flow. 
About  goo  per  cent  shearing  strain  was  reached  in  third  speed  tests  before 
fracture. 

However,  when  the  rate  of  deformation  was  less  than  at  third  ^>eed 
(second  and  first  speeds)  a combination  of  factors  produced  an  embrittling 
tendency  ^i^  has  been  observed  (99)  ih  creep  and  stress  rupture  tests  where 
a decrease  in  ductility  resulted  from  Increasing  the  duration  of  the  test. 

One  poBslble  e:qplanation  for  this  behavior  ariees  from  the  fact  that  the  rate 
effects  are  not  the  same  within  the  grains  or  czystals  as  for  the  grain 
boundary  material.  It  hae  been  observed  (82)  that  in  some  eases  for  elevated 
tenperatures  a great  deal  of  slip  and  deformation  of  the  crystal  occurs  at 
OM  speed  and  a ductile  failure  results,  whereas  at  a hl^^er  speed  less  slip 
Is  observed  and  the  fracture  surface  follows  the  grain  boundariea.  These 
observations  are  in  agreement  with  the  ductilities  measured  here  in  600F 
tests  of  75S-T  aluminum. 


e.  F&-1  tfagneslum  Ailoyt  This  alloy  was  the  lightest  in  weight  of  any 
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oetal  tested  (Bp.  gr.  »=  1.77)  a»d  lowest  in  tensile  strength.  The  material 
was  received  in  the  form  of  ll/l£  in.  diameter  round  bars  and  was  the  only 
metal  included  in  this  study  that  was  fabricated  by  the  extrusion  process. 

This  alloy  is  sometimes  designated  No.  AZ-33B  and  fulfilled  the  specifications 
sot  up  in  Spec.  iH-It27.  It  was  not  solution  heat-treated  or  given  any  other 
heat-treatment  after  extrusion  so  that  any  cold  work  induced  by  the  extrusion 
and  stretching  phases  of  the  operation  v/ere  not  removed  from  the  metal  before 
the  ^qimens  were  prepared.  The  chemical  analysis  ae  furnished  by  the  manu- 
facturer is  given  in  Table  Z. 

Strength!  The  torsional  strength  of  the  FS-1  magnesium  alloy  shown  in 
Tigs.  42-^  was  very  low.  The  linear  portion  of  the  torque-time  or  torque- 
twist  curve  was  very  short.  Despite  large  an^lification  of  the  signal  from 
the  torque  wei^bar  bridge,  the  curvature  of  the  torque  trace  appeared  to 
begin  almost  at  zero  torque,  especially  for  elevated  temperatures. 

There  was  a general  decrease  in  yield  strength  with  increase  in  ten^ra- 
ture  for  all  speeds  of  testing  (Tig.  42)  although  the  rate  of  decrease  was 
moderate.  Strain-rate  had  a distinct  influence,  hi^er  yield  strengths  being 
observed  at  the  hi^er  rates  of  deformation.  The  rate  of  loading  is  signifi- 
cant at  all  temperatures  since  pure  magnesium  creeps  at  room  tenqjerature  (99)* 

ructility!  At  room  temperature  the  ductility  was  relatively  low,  being 
comparable  to  that  of  the  75S-T  aluminum  alloy.  At  higher  ten^ratures  the 
ductility  (Plg.  45)  increased,  particularly  at  the  slower  rates  of  defonaar- 
tion.  The  deformation  mechanism  can  be  either  by  slip  or  by  twinning.  Be- 
cause of  the  preferred  orientations  develojjod  in  the  extrusion  process,  slip 
is  easiest  when  the  shearing  stress  is  the  direction  of  certain  favorably 
oriented  planes. 

The  fact  that  the  FS-1  exhibited  a continued  Increase  in  ductility  and 
a decrease  in  strength. as  the  temperature  was  raised  may  be  taken  as  an 
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indication  that  there  was  no  precipitation  aging  or  over-aging  as  Is  observed 
in  the  aluminum  alloys  tested  here  and  of  some  other  magnesium  alloys.  Ibl!* 
the  magnesiiun  alloy  the  maximum  strain  of  about  700  per  cent  occurred  at 
600P  for  the  lowest  strain  rate  (Pig.  45). 

f . RO-70  Titanium;  This  metal  was  designated"commercial3y  pure",  a 
term  v;hich  does  not  restrict  its  composition  within  close  limits.  The  chem- 
ical composition  as  determined  by  the  manufacturer  is  given  in  Table  I.  Its 
^eclfic  gravity  is  4.5.  It  ttfas  received  in  the  form  of  round  bars  5/S  in. 
in  diameter  vdilch  were  hot  rolled  and  annealed  by  the  manufacturer. 

The  relative  newness  of  comercial  availability  of  titanium  has  meant 
that,  until  recently,  very  little  was  known  of  its  mechanical  properties. 
Charaoteri sties  considerably  different  from  those  observed  for  'ttie  alloys 
of  steel  and  aluminum  were  revealed  in  the  current  studies. 

Strength;  The  graphs  in  Figs.  47-49  illustrate  the  sensitivity  of  the 
strength  of  commercially  pure  titanium  to  time  and  temperature  effects.  In 
general,  there  was  a marked  increase  of  yield  strength  with  increase  in  speed 
of  testing  for  all  tenperatures.  There  was  a substantial  decrease  in  yield 
strength  v/lth  increasing  tempera ture  for  all  speeds  of  straining.  However, 
the  rate  of  decrease  of  yield  strength  with  temperature  for  RC-70  was  a de- 
creasing function  so  that  the  loss  of  strength  is  less  rapid  with  respect 
to  increase  in  temperature  at  the  hi^er  temperatures  than  at  the  lov/.  This 
is  the  opposite  of  the  tendency  observed  for  75®“®  aluminum  alloy  for  which 
the  loss  of  strength  became  very  rapid  for  temperatures  above  400P. 

Since  57^  is  sufficient  to  provide  stress  relief  of  commercially  pure 
titanium  in  an  hovur  (l23)»  it  is  logical  to  assume  that  considerable  relax- 
ation of  stress  and  loss  of  strength  would  occur  even  in  rapid  tests  at  7OOF 
or  slower  tests  at  as  low  as  400p. 

The  contour  of  the  torque  record  in  the  region  of  the  upper  and  lower 
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yield  points  for  RC-70  titanium  appears  to  te  some^diat  different  from  that 
for  lDl£f  steel.  The  initial  portions  of  typical  oscillograph  records  for 
tests  of  BC-7^  each  of  the  test  conditions  are  ilhistrated  in  Figs.  64 
and  65.  There  was  no  sharp  break  to  indicate  that  the  torque  decreased  stud** 
deniy  during  yielding.  For  the  fourth  speed  tests  the  recording  paper  ^ed 
was  not  rapid  enou^  relative  to  the  rate  of  deformation  to  show  accurately 
the  contour  of  the  curve  during  yielding. 

It  has  been  pointed  out  that  for  1018  steel  (see  Figs.  62  and  63)  the 
drop  in  torque  during  initial  yielding  was  sudden  whenever  any  decrease  was 
observed.  It  appears  then  that  the  yielding  mechanism  vdilch  has  been  inves- 
tlgated  at  great  length  for  low  carbon  steels  (but  is  still  not  clearly  vmde?^ 
stood)  might  be  somevdiat  different  from  the  mechanism  responsible  for  yield- 
ing at  a reduced  stress  in  titanium. 

Ho  drop-  in  torque  at  the  yield  point  vras  observed  in  room  temperature 
torsion  tests  of  HC-70  titanium  at  any  speed.  However,  this  phenomenon  was 
observed  in  tests  at  elevated  temperatui*es,  particularly  at  the  more  rapid 
rates  of  strain  (Figs.  64  and  63).  Similarly  the  yield  point  effect  in 
titanium  alloys  in  tension  has  been  observed  to  disappear  at  low  tempera- 
tures (29). 

Ductility;  The  ductility  of  the  RC-70  titanium  shown  in  Fig,  5I  appears 
to  be  nearly  the  same  for  all  teimperatures  and  speeds  except  for  the  two 
slowest  speed  teste  at  lOOOF.  This  was  true  for  both  aged  and  unaged  speci- 
mens. Thus  for  the  times  and  tenperatiires  involved  here  there  was  no  radi- 
cal embrittlement  due  to  absorption  of  hydrogen,  oxygen  or  nitrogen  from  the 
air.  It  is  generally  considered  that  extended  exposure  at  temperatures  sorae- 
%diat  above  lOOOF  is  required  for  absorption  of  sufficient  quantities  of 
oxygen  and  nitrogen  to  produce  drastic  embrittlement  (124)  but  some  effedt 
ffli^t  have  been  ejected  at  lOOOF,  particularly  after  the  two-hundred  hour 
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exposure.  Ifydrogen  is  absorbed  at  ten5)eratures  above  600P  but  is  not  coiv- 
sidered  to  be  as  serious  an  embrittling  agent  as  the  other  two  gases. 

Conplete  removal  of  cold  worked  properties  is  possible  by  e:q)0STire  to 
a tenperature  of  gOOF  for  one  thousand  hours  (123)  or  more  quickly  at  higher 
temperatures.  Since  the  greatest  portion  of  this  annealing  effect  vrould  take 
place  during  the  first  few  hours  or  minutes  it  would  be  expected  that  for 
tests  at  temperatures  of  lOOOP  and  involving  several  minutes,  softening  would 
take  place  continuously  during  the  test  and  large  values  of  strain  might  be 
developed  before  fracture.  The  corresponding  strength  v;ould  be  rather  low 
for  this  condition. 

Ordinarily  the  conditions  which  increase  strength  properties  of  metals 
also  tend  to  decrease  ductility  and,  although  there  is  no  quantitative  form- 
ulation of  this  relationship,  qualitative  correspondence  is  usually  observed. 
In  Figs.  4g,  49,  and  5I  this  qualitative  inverse  relationship  between  duc- 
tility and  strength  is  not  clearly  obvious  v/hen  comparing  Clearing  strain  in 
torsion  with  yield  strength  and  modulus  of  rupture.  However  when  the  strain 
is  plotted  to  a larger  scale  as  in  Fig.  5®.  the  increases  in  strain  can  be 
seen  to  correspond  with  the  decreases  in  strength.  There  is  in  genial 
an  increase  in  strain  with  increasing  tenperature,  except  for  the  minimum 
point  observed  for  the  strain  at  fOOT  for  first  speed. 

This  minimum  in  ductility  at  "(OOT  is  not  considered  to  be  the  result  of 
hydrogen  embrittlement  since  specimens  that  were  aged  for  twO'^undred  hours 
in  air  at  "JOOF  exhibited  essentially  the  same  ductility  (compare  strains  in 
Fig.  51)  • Specimens  tested  at  lOOOF  should  have  absorbed  hydrogen  at  a more 
rapid  rate  than  at  but  extremely  large  values  of  strain  were  reached 

before  fracture  at  the  higher  temperature.  Treating  the  six  specimens  (both 
aged  and  unaged)  for  each  condition  together  the  spread  in  strains  measured 
for  any  one  set  of  conditions  did  not  appear  to  be  large  enough  to  suggest 
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that  the  difference  in  the  average  was  purely  a chance  result  of  normal 
scatter. 

If  reduction  in  ductility  at  'JOOF  for  this  slow  straining  speed  were 
due  primarily  to  absorption  of  hydrogen  accelerated  in  some  way  by  the  defor- 
mation itself,  then  the  marked  increase  in  ductility  at  10007  (when  even  more 
hydrogen  would  be  picked  up)  indicates  that  the  softening  mechanism  idiich 
tends  to  increase  the  ductility  far  outweighed  the  embrittling  tendency  of 
hydrogen  at  10007. 

In  data  reported  by  the  manufacturer  (l^)  and  others,  the  ductility  of 
titanium  in  conventional  static  tension  tests  is  not  greatly  effected  by  tem- 
peratures up  to  around  0007  or  hl^r.  Reduction  of  area  in  tension  tests 
has  been  reported  to  show  marked  increase  above  about  fOOT  but  elongation 
may  be  as  low  at  8^07  as  at  room  temperature. 

g.  R013Q-B  Titanium  Alloy:  This  metal  is  a ternary  alloy  with  nominal- 

ly 4 per  cent  each  of  manganese  and  aluminum  added.  Some  carbon  was  also 
present  in  the  heat  analysis  (Table  I)  althou^  the  percentage  was  not  as 
large  as  that  in  the  RC-7O  titanium  tested.  The  specific  gravity  was  4. 7. 

The  RC-I30-B  was  tested  in  the  annealed  condition  as  received;  no  effort  was 
made  to  Increase  the  strength  by  further  heat- treatment  or  by  cold  rolling. 
Specimens  were  prepared  from  the  ^/8  in.  diameter  hot  rolled  round  bars  that 
were  annealed  by  the  manufacturer. 

Strength;  In  Figs.  54  and  55  1^  can  be  seen  that  the  torsional  yield 
strength  of  the  RC-I30-B  titanium  alloy  was  sensitive  to  both  temperature 
and  strain-rate  effects.  There  was  a continuous  decrease  in  yield  strength 
for  every  speed  as  the  ten^wrature  was  raised.  The  yield  strength  was  higher 
at  every  temperature  for  the  higher  strain-rates  except  for  some  of  the  tests 
at  At  this  temperature  there  was  no  change  in  yield  strength  apparent 

in  the  data  from  tests  at  the  three  lowest  speeds. 
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The  values  of  modulus  of  rupture  shown  In  Fig.  56  were  about  the  same 
for  all  speeds  of  testing.  At  1000?  a sharp  decline  in  strength  was  dbserved 
that  was  approximately  inversely  proportional  to  the  logarithm  of  the  stzaliv- 
rate. 

Ductility;  An  increase  of  total  strain  with  increasing  teatperature  is 
evident  in  Fig.  ^8  for  all  sp^dds.  Ihe  rate  of  this  increase  in  ductility 
was  quite  constant  except  at  the  hipest  temperature.  For  tests  at  lOOOF 
and  the  slowest  strain-rate  an  extremely  hi^  strain  was  observed.  This 
strain,  about  375^  cent,  was  more  than  three  times  as  great  as  that  ob- 
served in  RG-^yO  for  the  same  conditions. 

h.  Effect  of  the  Aging  Heat-Treatment | Data  for  specimens  heated 
to  the  test  temperature  for  200  hours  in  advance  of  the  actual  test  appear 
as  open  circles  on  graphs  %diere  the  data  for  unaged  specimens  are  plotted 
by  solid  circles.  By  conparing  these  results  the  effect  of  the  aging  treat- 
ment can  be  determined.  Since  the  reaction  to  aging  was  different  for  the 
different  metals  the  discussion  below  has  been  subdivided  according  to  metal. 

75S-T  Aluminum  Alloy;  A pronounced  effect  of  the  200-hour  aging  heat- 

treatment  on  the  strength  of  75^^  aluminum  alloy  can  be  observed  in  Figs. 

36  and  37  only  for  temperatures  near  UOOF.  Since  the  manufacturer's  aging 

treatment  produced  precipitation  for  essentially  optimum  strength,  little  or 

no  increase  in  strength  would  be  e;q)eeted  from  further  aging  at  200F  whether 

for  one-half  hour  or  for  200  hours*  Considerable  over-aging  or  coalescence 

of  the  alloy  particles  could  be  expected  when  the  material  was  held  at  UOOF 

for  200  hotirs.  This  was  evident  from  the  reduction  of  yield  strength  and 

modulus  of  rupture  after  aging  at  400P.  One  factor  in  the  reduction  of 

strength  of  unaged  specimens  at  400F  as  compared  with  those  tested  at  200F 

probably  was  the  aging  occurring  during  the  half  hour  at  temperature  prior 

to  loading.  The  additional  time  for  over-aging  to  take  place  during  the 

slower  tests  mqy  contr ibute  to  the  fact  that  at  400F  the  reduction  in  stiezgth 
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vlth  decrease  in  speed  of  testing  was  more  pronounced  for  specimens  tested 
after  a half  hour  at  temperature  than  for  specimens  aged  200  hours. 

At  600F  the  oyeraging  seems  to  have  progressed  to  eonqoletion  within  the 
half-hour  conditioning  and  further  aging  for  200  hours  did  not  show  any  slg- 
nifioant  effect  on  the  strength  at  this  temperature* 

The  ductility,  like  the  strength,  is  effected  by  over-aging  during  which 
the  coalescence  of  alloying  elements  precipitated  out  of  solution  by  aging 
leaves  these  particles  no  longer  sufficiently  distributed  throughout  the 
matrix  to  restrict  the  slip.  This  change  increases  ductility  as  well  as  de- 
creasing -the  strength.  The  effect  of  aging  on  strain  (shown  In  Fig.  39) 
therefore  consistent  with  that  observed  for  strength.  Ibe  apparent  differ- 
ences between  ductility  for  aged  and  unaged  specimens  for  60QF  tests  are 
probably  the  result  of  plotting  averages,  each  based  on  two  or  three  events 
tdxich  are  part  of  a %ddely  distributed  population.  For  exaiiple.  Fig.  Uo 
shows  the  strain  data  for  each  of  the  individual  ^cimens  of  75^^  tested 
at  600F.  This  graph  illustrates  the  wide  scatter  in  the  points  from  which 
the  averages  plotted  in  Fig.  39  were  obtained.  The  heaty  solid  curve  in 
Fig.  40  is  the  curve  from  Fig.  39  through  the  average  points  for  unaged  spec- 
imens, and  the  broken  curve  is  for  aged  specimens.  The  li^t-wel^t  curve 
is  sketched  in  to  show  an  average  trend  of  the  data  for  both  aged  and  unaged 
specimens.  It  appears  likely  that  this  is  more  representative  of  the  general 
material  behavior  than  the  results  plotted  for  the  two  small  groups  of  spec- 
imens. The  scatter  in  the  strains  measured  fbr  the  individual  specimens  at 
the  three  lower  tenperatures  was  very  much  less  than  at600F.  Therefore  it 
appears  likely  that  the  large  apparent  effect  of  aging  on  strain  at  UOOF 
was  real,  whereas  the  smaller  apparent  effect  at  600F  was  probably  not  real 
but  due  mainly  to  chance  effects  in  sas^ling  and  testing. 

24S-T  Aluminum  Alloy;  The.  effects  of  the  two-hundred  hour  aging  heat- 
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treatment  on  the  strength  and  ductiUty  of  24S-T  aluminum  alloy  are  illus- 
trated in  Tigs.  31-35.  It  can  be  seen  that  there  was  a decrease  of  strength 
at  UOOr  and  6OOP  and  accompanying  increases  in  strain  as  con^jared  with  the 
specimens  which  were  not  given  the  200-hour  heat- treatment. 

The  tenqperatvire  of  UOOP  was  only  slightly  over  that  for  optimum  strength 
fran  aging  and  therefore  for  the  tests  in  which  the  specimen  was  at  this 
ten5)erature  only  a short  time  the  only  effect  was  a slight  amount  of  bene- 
ficial aging.  However,  after  200  hours,  over-aging  had  begun  at  400P  with 
a reduction  of  strength  and  ductility  evident.  At  600P,  over-aging  had  no 
more  than  begun  in  the  short  time  tests  so  that  there  was  little  if  any  over- 
aging. The  increase  in  strain  probably  was  due  chiefly  to  softening  and 
recrystalllsation  during  the  test.  After  the  200-hour  heating  at  600r  prob- 
ably complete  over-aging  had  occurred  reducing  the  strength  by  about  5®  P®~ 
cent  and  increasing  the  strain  by  a large  factor.  The  pattern  observed  for 
the  variation  of  strain  in  24S-T  aluminum  alloy  specimens  tested  at  60OP  in 
this  over-aged  condition  was  identical  to  that  for  the  75®*^  aluminum  alloy. 
For  the  75S-T  it  was  observed  that  over-aging  was  complete  at  60OP  in  both 
aged  and  unaged  specimens  (see  Pig.  40)  whereas  for  24s— T the  longer  holding 
time  was  required  for  ovej^eglng.  This  temperature  vas  relatively  hl^er 
above  the  aging  teraperatvire  for  75®“®  (25OF)  than  for  24S-T  (375j^)j  there- 
fore, over-aging  was  more  rapid  in  the  75®-®»  ^ difference  could  be  ex- 

pected because  the  different  alloying  elements  employed  in  the  two  alloys 
would  come  out  of  the  supersaturated  solution  at  different  temperatures  or 
at  different  rates  at  a given  tenperature. 

The  peculiar  loss  of  high-temperature  ductility  at  the  slower  strain- 
rates  did  not  occur  in  the  unaged  ex>eclmen8  of  ^S~T  where  the  coalescence 
of  the  precipitated  particles  was  not  conplete.  However  it  did  occur  in 
24S-T  when  conditions  were  rig^t  for  complete  averaging  (i.e.  200  hours  at 
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600F).  An  esgslanatipn  of  this  behavior  on  the  batie  of  different  rate  ef» 
facts  in  the  crystal  grains  as  compared  with  the  grain  boundary  material  was 
glren  in  Section  8d.  In  this  discussion  ductility  was  associated  with  slip 
and  a fracture  throu^  the  grain  Itself  at  the  one  speed  and  loss  of  ductlb* 
ity  with  a decrease  in  speed  was  associated  with  fracture  following  the 
grain  boundaries.  This  behavior  seeme  consistent  with  the  presence  of  acerv* 
mulations  of  foreign  (solute}  atoms  along  the  grain  boundaries. 

Steel;  There,  was  no  reason  to  expect  the  200-hour  aging  treatment  to 
have  a marked  effect  on  the  SA£  lOlg  steel*  The  only  possible  change  might 
be  a quench-aglng  resulting  from  air  cooling  after  the  hot-rolling  operation 
that  would  be  accelerated  slightly  by  the  20O.hour  heating.  Tempering  should 
have  eliminated  the  possibility  of  further  quench-aglng  in  the  SAE  U3U0  steel 
at  temperatures  below  the  tempering  temperature* 

Gomparisons  between  the  aged  data  (open  circles)  and  unaged  data  (solid 
circles)  in  Pigs.  I7,  IS  and  20  for  lOlg  and  Pigs.  25-27  fo**  indicate 
that  if  an  aging  effect  were  present  it  vms  too  small  to  be  distinguished 
from  the  normal  scatter  Inherent  in  the  experimental  mensurementB  for  tenper- 
atures  of  lOOOP  and  below.  Ihe  differences  in  ordinates  observed  in  Fig.  20 
between  aged  and  unaged  specimens  tested  at  lOOOP  appears  to  be  a chance 
effect  as  in  the  case  of  75^-1  aluminum  at  60OP.  Pig.  21  shows  the  points 
representing  strain  plotted  for  the  individual  specimens  of  IDlg  steel  tested 
at  lOOOP,  This  condition  gives  rise  to  large  differences  in  observed  strain 
suggesting  a need  for  more  than  tv/o  or  three  samples  to  obtain  a reliable 
mean  value. 

Tests  of  the  specimens  of  4340  steel  aged  at  1200P  exhibited  lower 

strengths  and  greater  ductility  than  specimens  vrhich  vrere  at  temperature  only 

one-half  hour  before  testing.  Since  the  1200F  was  above  the  temperature 

(1130P)  at  vdiich  the  4340  steel  was  tempered  it  is  not  surprising  that  the 
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SOOuhuur  aging  treatment  at  this  ten^rature  did  tend  to  aoften  the  eteel. 

i^arent  effects  of  aging  on  the  yield  point  ratio  ohaerved  for  1018 
steel  in  Pig.  23  (and  in  Pig.  53  for  titanivun)  also  are  likely  to  be  due  to 
chance  since  any  deviations  which  occur  are  exaggerated  by  subtraction  of 
two  numbers  of  the  same  relative  magnitude  (Y.P.  Ratio  - l).  The  shapes  of 
the  torque-twist  diagrams  in  the  region  of  initial  yielding  were  not  altered 
by  the  200-hour  heat  treatments* 

PS-1  I-fagneslum  Alloy;  Since  this  all^  was  not  solution  heat-treated 
or  quenched  there  was  no  possibility  for  precipitation  or  quench-aging.  It 
was  cold  worked  somewhat  in  the  extrusion  process  but  is  not  a strain-aging 
metal.  The  200-hour  aging  treatment  would  not  be  expected  to  have  an  appre- 
ciable effect  on  the  magnesium  tested  here  and  none  was  observed  in  Pigs.  43 

to  46. 

Titanliimi  Both  titanlxus  alloys  were  received  in  the  annealed  condition 
which  would  eliminate  the  possibility  of  either  ouench-aging  or  strain-aging 
being  accelerated  by  the  200*^our  heat— treatments  given  here.  Die  titanium 
was  aged  in  the  bar  stock  form  before  specimens  were  machined.  Hence,  any 
strain-aging  of  the  outer  layer  that  was  cold  worked  during  the  machining 
operation  could  not  occur  during  the  aging  treatment.  It  seems  reasonable 
therefore  that  no  significant  aging  effect  would  be  e:q?ected  in  titanium, 
and  none  was  observed  in  the  results  plotted  in  Pigs.  4S-59* 

i.  Energy  Absorption;  It  will  bo  noted  by  comparison  of  the  trends 
which  are  observed  for  the  influence  of  rate  of  strain  and  temperature  on  the 
modulus  of  rupture  and  the  maximum  strain  that  the  energy  absorbed  by  the 
specimen  follows  a pattern  that  is  a combination  of  the  trends  observed  in 
the  other  two  properties,  iliis  follows  directly  because  the  relationship  of 
the  energy  absorbed  to  twisting  moment  T and  the  corresponding  angle  of  twist 

6*  e:q)ressed  radians,  is: 
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The  integrftl  represents  the  area  under  the  tor que~ twist  curve  up  to  the  twist 
9^,  For  the  shacpes  of  diagrams  obtained  for  the  ductile  metals  reported 
here  the  energy  values  were  found  to  vary  in  close  correapondenoe  with  the 
product  of  the  maxisum  torque  and  the  total  angle  of  twist  to  fracture. 

Torque  and  twist  are  directly  proportional  to  the  modulus  of  rupture  sad  the 
shearing  strain  to  fracture,  respectively.  Discussions  devoted  to  strength 
and  ductility  can  be  extended  therefore  to  apply  to  the  energy  absorption  for 
the  same  testing  conditions. 

The  influence  of  temperature  and  strain-rate  on  the  energy  absorbed  by 
qweimens  of  the  seven  metals  is  illustrated  in  Figs.  22,  29,  3^i  ^1«  ^6,  ^ 
and  53*  Conparlson  of  the  data  in  these  figures  indicates  that  the  steels 
and  titaniums  absorbed  much  mere  energy  before  fracture  than  did  the  alumi- 
num or  magnesium  alloys.  Because  any  change  in  one  or  both  parameters  pro- 
duced opposite  effects  on  the  ductility  and  strength  of  these  metals  any 
large  change  in  one  was  modified  by  an  opposite  change  in  the  other  so  that 
no  conspicuously  large  values  of  energy  vrere  observed. 

j.  Deformation  and  Fracture  Characterietics;  One  of  the  advantages 
of  the  torsion  test  over  the  tension  test  or  the  notched-bar  inpact  test  is 
that  the  geometry  and  dimensions  of  the  specimen  remain  essentially  unchanged 
during  the  deformation  process.  Specimens  \diieh  are  cylindrical  before 
stressing  remain  cylindrloal  end  without  appreciable  change  in  diameter  or 
length. 

In  general,  deformation  of  the  specimens  tested  in  this  project  did 
follow  this  pattern  and  fracture  occurred  at  or  near  the  center  of  the  gage 
length  as  a sharp  clean  break  in  a plane  perpendicular  to  the  axis  of  the 
specimen.  Just  prior  to  fracture  at  the  hipest  temperatures  and  slowest 
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speeds  there  was  a small  contraction  in  area  at  the  section  t^ere  fracture 
was  inpendit\g  and  there  was  a corresponding  increase  in  length.  Usually  a 
snail  thread  of  material  held  on  in  these  cases  after  the  larger  portion  of 
the  section  had  separated. 

For  both  R&>70  and  RC*l30uB  titanium  there  was  evidence  of  noi^omogeiw 
sous  longitudinal  layers  in  the  material  before  testing  or  which  developed 
during  the  process  of  deformation.  Plastic  deformation  in  torsion  caused 
the  surface  of  titanium  specimens  to  warp  or  form  ridges  and  valleys  similar 
to  very  smooth  eoarse..plteh  screw  threads.  The  pitch  of  these  '^threads"  was 
in  inverse  proportion  to  the  total  twist  before  fracture  and  therefore  was 
smaller  for  specimens  tested  at  the  higher  temperatures  and  lower  strain- 
rates  (see  Pig.  51) • 61  ^owB  a photograph  of  broken  specimens  of  RC-7O 

titanium  as  an  example  of  this  non-homogeneous  deformation.  The  appearance 
of  the  deformed  specimens  of  !t&*l3U-B  was  the  same.  Specimens  of  all  other 
materials  remained  essentially  cylindrical  during  the  deformation  process. 

In  tension  tests  the  cross-section  of  the  titanium  ^cimens  became 
elliptical  in  the  zone  where  plastic  deformation  was  large.  The  major  axis 
dimension  of  the  ellipse  at  the  fracture  surface  was  about  SO  per  cent  great- 
er than  the  minor  axis  dimension. 

k.  Shape  of  the  Torque-Twist  Ourves:  Pigs.  66  to  72  illustrate  the 
effect  of  elevated  temperatures  on  the  shape  of  the  torque-twist  curves  for 
the  seven  metals  studied.  Oirves  shown  are  for  the  hipest  strain-rate.  At 
the  slower  ^eeds  of  straining  less  drop  in  torque  was  observed;  at  the  yield 
point  someidiat  greater  deorease  in  torque  occurred  after  the  maxlnBxm  was 
reached  early  in  the  test;  and  there  were  considerable  variations  in  strength 
and  ductility  as  discussed  earlier.  Some  further  details  on  the  shape  of  the 
curves  for  particular  conditions  are  Included  in  Section  9. 

The  unde  of  fracture  progression  that  occurred  controlled  the  shape  of 
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the  final  portion  of  the  torqu»>twist  euryeo.  At  the  lower  ten^ratures  the 
failure  vas  suddn  and  the  torque  dropped  so  rapidly  the  photographic  paper 
could  not  record  the  descending  trace  but  sho%rad  the  torque  Imnedlately  be- 
fore fracture  then  *ero  torque  lamediately  after  fracture.  At  higher  ten^jer- 
atures  and  slow  speeds  the  final  failure  was  less  sudden  and  the  records 
showed  that  the  torque  gradually  tapered  off  to  zero. 

Continuous  torque  recordings  (Figs.  62  and  63)  for  tests  of  SAE  lOlg 
steel  at  UOOF  and  TOCS’  exhibited  the  Jagged  contours  characteristic  of  the 
material  behayior  in  the  blue-brittle  range.  This  recurring  process  of  build' 
yxp  and  sudden  drop  of  torque  is  not  so  clearly  observed  in  larger  specimens 
tdiere  an  averaging  tendency  masks  out  the  individual  Jumps.  Hall  (42)  watched 
this  process  in  thin  strip  specimens  and  could  trace  the  advance  of  a luders 
band  with  the  drop  in  stress  followed  by  a buildup  as  soon  as  one  band  vas 
arrested.  When  the  stress  reached  a sufficiently  large  magnitude  a newlfiders 
band  darted  through  the  metal*  etc.  This  phenomenon  is  observed  only  for  a 
limited  range  of  combinations  of  temperatures  and  strain-rates;  it  is  \in- 
doubtedly  related  to  the  rates  of  strain-aging  and  of  slip  within  the  crystal- 
structure.  Portions  of  records  from  torsion  tests  are  shown  for  all  four 
strain-rates  for  tests  at  400F  and  JOOF  in  Figs.  62  and  63.  The  appearance 
of  the  irregularities  is  also  influenced  by  the  rate  of  travel  of  the  paper 
in  the  camera  of  the  oscillograph  as  compared  with  the  rate  of  strain  in  the 
specimen.  The  torque  scale,  the  time  intervals  and  the  twist  increments  are 
labeled  to  aid  in  interpreting  these  records. 

Figs.  64  and  65  shows  the  initial  portions  of  records  for  RC-70  titanium 
illustrating  the  yield  point  phenomenon  observed.  For  several  conditions  the 
yield  portion  of  the  torque-twist  curves  for  RC-I30-B  titanium  was  almost 
flat  or  dropped  slightly.  In  these  cases  the  offset  yield  strength  differed 
only  slightly  from  the  lower  yield  point. 
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strength  and  modulus  of  rupture  for  the  seven  metals  In  torsion  at  different 
elevated  teaiperatures  can  be  seen  from  the  results  plotted  in  Figs.  73  to  75* 
Bhta  flrom  tests  at  only  the  highest  and  lowest  rates  ipf  strain  are  shovm. 
These  curves  ehow  that  the  strength  EC>130>B  titanium  alloy  at  elevated  tenv» 
peratures  is  con^arable  to  that  on  the  SAE  43^0  steel  with  some  differences 
resulting  from  different  straia»rate  effects.  These  two  metals  stand  out 
above  the  others  on  the  basis  of  yield  strength  and  modulus  of  rupture.  HC^ 
70  titanium  ranks  next  for  all  conditions.  On  the  basis  of  yield  strength 
at  slow  speeds  75S-T  and  24S-T  aluminum  alloys  are  comparable  to  the  RC-70 
for  portions  of  the  temperature  range  but  the  aluminum  alloys  are  very  weak 
at  6OOF  or  above.  The  yield  strength  of  SAB  lOlg  steel  was  low  at  room  tem> 
perature  compared  to  the  other  metals  but  v/as  reduced  very  little  by  elevated 
temperature  so  that  it  ranked  more  favorably  with  increasing  temperature. 

The  two  aluminum  alloys  lost  strength  rapidly  at  and  above  400P  but  the 
strength  of  24S-T  was  reduced  less  than  the  strength  of  75^-^.  The  TS-1 
magnesium  alloy  ranked  lowest  in  strength  at  all  temperatures  tested. 

The  data  in  Pig.  73  are  replotted  in  Fig.  75  terms  of  the  modulus  of 
rupture  divided  by  the  specific  gravity.  This  illustrates  the  relative 
shifts  in  curves  when  evaluated  in  terma  of  the  strength^-weight  ratios.  The 
RO-I3O-B  titanium  alloy  apparently  stands  out  above  all  others  for  the  whole 
range  of  variables. 

m.  Influence  of  Structural  Changes  on  Experimental  Observations!  In 
analyzing  the  significance  of  data  of  the  type  discussed  in  this  chapter,  it 
is  common  practice  for  engineers  to  plot  two-dimensional  curves  and  draw 
conclusions  regarding  the  relation  between  two  variables  for  conditions  in 
which  the  third  variable  is  held  constant.  For  example,  one  may  plot  the 
strength  (either  yield  strength  or  modulus  of  rupture)  versus  the  strain-rate 
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for  a given  fixed  temperature.  When  this  is  repeated  for  a second  (perhaps 
higher)  ten^wrature  of  testing,  the  general  trends  observed  as  the  strain- 
rate  is  Increased  may  be  entirely  contrary  to  those  indicated  by  the  first 
chart.  This  inmedlately  leads  the  investigator  to  suspect  errors  of  obser- 
vation or  variability  of  material.  It  is  not  immediately  obvious  why  the 
same  chazige  in  one  of  the  variables  (for  example,  strain-rate)  may  decrease 
the  strength  at  one  temperature  yet  cause  an  increase  in  strength  at  a higher 
tenperature. 

However,  metallurgical  instability  and  marked  changes  which  occur  in  the 
properties  of  the  material  dxtrlng  a teat  make  it  inpossible  to  draw  logical 
conclusions  from  limited  observations  of  this  nature.  It  is  believed  that  a 
study  of  the  reasons  for  the  hills  and  valleys  shown  on  the  three-dimensional 
surfsMses  of  the  types  shown  in  Figs.  17t  12,  20,  and  the  similar  charts 
plotted  for  the  other  metals,  gives  a much  clearer  picture  of  the  interaction 
of  the  three  variables  involved. 

In  discussing  the  Effect  of  strain-rate  and  temperature  on  the  strength 
properties  of  a metal,  the  final  test  data  must  be  considered  to  be  influ- 
enced by  "time-dependent"  as  well  as  by  nearly  "time-independent"  phenomena 
aecoBpanylng  the  structural  breakdown  of  the  material.  For  example,  the 
exhibition  of  upper  and  lower  yield  points  by  metals  such  as  low  carbon 
steels  and  titanium  is  a process  that  is  Influenced  by  time  (or  by  strain- 
rate)  as  shown  by  many  different  experimenters  (ll,  13,  ifi,  22,  30.  35.  73 » 
112,  128).  Theories  of  dislocation  and  diffusion  processes  indicate  that 
this  time-dependence  is  markedly  influenced  by  an  alteration  in  temperature 
of  testing. 

We  might  visualize  an  interaction  of  two  effects  as  daown  diagrammat- 
ically  in  Fig.  lOl.  The  trend  of  Curve  A represents  for  a stable  material 
the  relative  strengths  that  may  be  espected  as  the  strain-rate  is  Increased. 
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However  the  material  may  simultaneously  undergo  an  aging  idienomenon,  a pre- 
cipitation of  hardening  constituents,  or  some  other  type  of  diffusion  process 
(which  in  the  dislocation  theory  might  he  visualized  as  a progressive  hloclc- 
ing  of  dislocations).  One  might  represent  by  Curve  B a second  contribution 
to  the  strength  caused  by  these  time-dependent  changes.  That  is,  for  the 
slower  strain-rates,  more  time  is  available  for  strengthening  by  aging  to 
occur;  hence,  curve  B indicates  a gradual  increase  in  the  strength  as  the 
strain-rate  is  decreased.  If  these  two  different  phenomena  contribute  simul- 
taneously to  the  strength  of  a metal,  the  resulting  strengths  observed  would 
follow  some  curve  such  as  C which  represents  the  sum  of  the  ordinates  to 
Curves  A and  B.  Curve  C would  then  apply  for  only  one  fixed  temperature, 

(say  EOF),  If  the  ten^erature  of  testing  is  increased  however,  the  contri- 
butions to  the  strength  by  the  strain- induced  aging  may  be  drastically  re- 
duced. That  is,  the  stimulation  of  relaxation  and  recovery  processes  by  ele- 
vated ten^ierature  will  result  in  Curve  B being  depressed  to  a lower  level 
such  as  is  shown  by  Curve  I>.  Thus,  at  an  elevated  temperature,  the  net  effect 
of  strain-rate  on  the  strength  may  be  represented  by  Curve  B which  e^diibits 
somevdiat  different  characteristics  fl:om  those  of  Curve  C for  the  lower  tem- 
perature of  testing.  In  Figs.  24-a,  a»d  35~&  the  data  show  these  two 

types  of  variation  for  yield  strength.  Tv/o-dimenslonal  plots  of  the  modulus 
of  rupture  vs.  strain-rate  also  showed  similar  trends  for  several  of  the 
metals  tested.  It  is  believed  that  these  trends  are  representative  of  the 
behavior  of  the  material  and  are  not  Inconsistencies  in  the  test  data. 

The  ductility  (or  total  angle  of  twist)  observed  during  a torsion  test 
is  also  influenced  by  a number  of  these  same  instabilities  in  the  structure 
of  the  metal.  Deformation  may  occur  by  a number  of  basic  processes  such  as 
follows: 
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• slip 

2.  tvrlnning 

3.  fragmentation 

4.  elastic  bending  of  crystal  lamellae 

5>  grain  boundary  noTements 

6.  transient  creep  and  anelastic  effects. 

It  should  be  pointed  out  that  there  are  no  fundamental  data  available  to  in- 
dicate what  it  Is  that  limits  the  capacity  of  a metal  for  deformation  or 
causes  the  onset  of  fracture.  It  has  been  suggested  (13^#  X3S)  that 

the  primary  effect  of  cold-working  a metal  is  to  decrease  the  mean  size  of 
the  crystals  and  thereby  raise  the  elastic  str^gth.  Wood  (l3l)  has  proposed 
that  there  is  a limiting  crystallite  size  below  which  further  deformation 
and  fragmentation  of  the  crystal  caimot  take  place.  However  an  increase  in 
the  temperature  should  correspondingly  alter  the  limiting  minimum  stable 
fragmentation  size  because  of  the  increased  actirlty  in  place  change  of  atoms 
and  the  greater  freedom  of  mobility  for  recovery  and  recrystalHzatlon  pro- 
cesses. Certainly  the  grain  boundary  movements  and  transient  creep  may  be 
expected  to  Increase  greatly  the  observed  deformations  at  elevated  tengjera- 
tuses  if  sufficient  time  is  available  during  the  test  for  these  effects  to 
become  pronounced.  On  the  other  hand  it  has  been  observed  in  long  time  creep 
tests  at  elevated  ten^eratures  that  metallurgical  changes  in  the  material  or 
changes  in  the  mode  of  fracture  sometimes  result  in  greatly  reduced  ductilily* 
During  testing,  changes  may  occur  that  are  dependent  upon  diffusion  of 
atoms  through  the  matrix  by  processes  referred  to  by  various  names  such  as 
relaxation,  recovery,  recrystallization,  aging,  precipitation,  etc.;  these 
are  all  time-dependent  and  are  marl»dly  sensitive  no  changes  in  teaperature. 
On  the  other  hand  the  deformation  processes  of  slip,  twinning,  elastic  bend- 
ing of  lamellae  and  fragmentation  are  probably  influenced  to  a much  lesser 


WADC  TR  5>10 


degree  "by  time  effects  and  may  htt  only  mildly  altered  liy  changes  in  ten(per« 
ature.  Thus  in  considering  the  ductility  characteristics  observed  in  the 
present  tests,  one  must  again  visualize  the  con^lete  interaction  of  ten^r-> 
ature  and  strain-rate  on  a given  metal  since  the  relative  effhcts  observed 
at  one  ten^erature  of  testing  may  be  entirely  reversed  at  a different 
ten^erature  of  testing* 

Por  exan^le,  in  Pig.  I9  the  greatest  ductility  was  developed  at  the 
highest  strain-rate  when  strains  at  40OP  are  compared  whereas  when  a similar 
comparison  is  made  at  lOOOP,  the  greatest  ductility  was  exhibited  by  the 
specimens  tested  at  the  lowest  strain-rate.  Examining  the  two-dimensional 
graphs  such  as  Pig.  38-b,  one  might  question  the  consistency  of  the  data 
for  75S-T  aluminum  alloy  at  6OOP.  The  tests  conducted  at  the  hipest  and 
lowest  strain-rates  exhibit  roughly  the  same  amount  of  ductility  whereas 
those  run  at  the  two  intermediate  strain-rates  show  extremely  high  ductilitgt 
However  the  complete  three-dimensional  picture  of  the  variation  of  total 
strain  with  temperature  and  rate  of  strain  shown  in  Pig.  39  Indicates  that 
this  greater  ductility  at  the  intermediate  strain-rates  is  entirely  consis- 
tent both  for  the  material  aged  200  hours  at  the  test  temperature  and  for 
that  held  at  ten^jerature  only  I/2  hour  before  testing.  Therefore  it  be- 
comes difficult  to  draw  general  sweeping  conclusions  about  the  effect  of 
altering  either  temperature  or  strain-rate  separately  without  considering 
the  interaction  of  both  parameters. 

In  view  of  the  time-  and  temperature-dependent  instabilities  and  con- 
tinuous change  of  metallurgical  structxire  which  occurs  vhlle  the  metal  is 
being  tested,  it  becomes  apparent  that  no  simple  single  equation  of  state 
can  adequately  e:jq3ress  the  effects  of  strain-rate  and  temperatures  on  either 

t 

the  strength  or  the  ductility  of  a metal.  If  one  deals  only  with  ten^jerar- 
tures  for  which  the  materials  are  entirely  stable,  such  an  equation  ml^t 
be  developed.  However,  even  here  the  very  process  of  deformation  changes 
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the  crystalline  structure  and  this  break-up  in  crystal  size  and  its  effect 
on  grain  boundary  reactions  must  certainly  develop  new  instabilities  such  as 
anelastie  after-effects  or  transient  creep,  which  cannot  be  adequately  ex- 
pressed even  for  single  crystals  and  certainly  not  for  complex  polycrystal- 
line metals  such  as  those  commonly  used  for  structural  purposes. 

9*  Correlation  of  Strain-Rate  and  Temperature  Effects  with  Mathematical 
Theories. 

As  pointed  out  in  the  previous  section  it  appears  probable  that  no  com- 
plete and  acceptable  theory  can  be  developed  to  express  all  the  effects  of 
strain-rate  and  ten^rature  on  the  mechanical  properties  of  structural  metals. 
Nevertheless,  it  was  felt  desirable  to  investigate  the  usefulness  of  several 
proposed  relationships  in  expressing  mathematically  the  variations  observed 
in  data  from  these  experiments.  In  this  section  the  modifications  necessary 
to  ad£q>t  these  equations  to  the  torsion  test  are  discussed,  and  a comparison 
is  made  between  the  experimental  data  and  several  mathematical  functions  whiel 
include  parameters  to  express  the  influence  of  strain-rate  and  temperature. 

Some  of  the  detailed  concepts  and  mathematical  equations  are  presented  in 
Appendices  II  and  III  and  only  the  essential  final  eauations  are  discussed  here. 

a.  Simplifications  Used:  Theoretical  considerations  for  correlation 

of  data  of  this  type  are  usually  intended  to  determine  mathematical  e3g>res- 
sions  relating  the  flow  stress  to  the  strain,  rate  of  strain,  temperature 
and  certain  material  constants.  The  equations  developed  are  generally  stated 
in  terms  of  the  "true  stress"  In  tension.  For  direct  application  to  the 
torsion  test,  these  expressions  can  be  rewritten  in  terms  of  shearing  stress, 
shearing  strain,  and  shearing  strain-rate.  However,  it  would  be  more  conven- 
ient in  analysis  of  the  present  data  to  v/ork  in  terras  of  applied  torque  in- 
stead of  shearing  stress.  Arbitrary  substitution  of  torque  for  stress  does 
not  seem  Justified  since  it  is  known  that  the  two  are  not  equal  or  even 
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proportional  during  plastic  deformation. 

Ibr  the  plastic  range,  Eq.  A20  of  ^pendix  I can  he  used  to  evaluate  the 
shearing  stress  at  the  surface  of  a specimen.  This  equation  for  the  shearing 
stress  T includes  a constant  coefficient,  = 1/2ttc^,  a term  involving  the 
torque  T,  and  a term  involving  another  variable  torque,  T^. 

T = - Tp)  (6) 


If  Tj,  were  negligible  with  respect  to  UT  or  if  Tg  were  directl:;-  proportional 
to  T then  the  substitutuion  of  a constant  times  T for  t would  be  permissible. 
However,  in  most  cases  T^  is  not  negligible  compared  vfith  T.  Neither  is  T^^ 
always  directly  proportional  to  T.  Nevertheless,  conmutations  have  ^ot-m  that 
for  a given  or  constant  6 (of  Idle  magnitudes  examined  in  the  three  follov/ing 
sections),  the  amount  by  vrhich  Tq  differed  from  being  proportional  to  T was 
small  enough  compared  to  4t  that  valid  observations  for  the  plastic  range  were 
possible  by  using  the  following  siisplification  : 


Tl 


=:  EP 


(7) 


In  order  to  substantiate  this  reasoning  the  same  types  of  plots  as  those 
shown  in  Pigs.  fS  to  98  were  constructed  for  representative  sanqile  conditions. 
The  curves  resulting  showed  the  same  trends  and  scatter  when  values  of  T were 
plotted  as  when  the  more  rigorous  analysis  employing  values  of  the  shearing 
stress  T were  used. 

b.  Equivalent  Strain~Hate  Parameteri  A quantitative  relation  between  the 
the  effects  of  tenqjerature  and  strain-rate  v;as  suggested  in  1944  by  Zener 


+ In  this  notation  a vertical  line  followed  by  one  or  two  symbols  will  be 
used  to  indicate  variables  vdiich  are  held  constant  for  a given  equation. 
In  Eq.  7 the  shearing  stress  r is  expressed  as  a function  of  the  torque  T 
for  a constant  angle  of  twist  9.  Other  variables  such  as  strain-rate  and 
terperature  are  not  restricted  in  this  equation. 
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and  Hollomon  (112,  133)»  Tlie  flow  stresa  a at  a given  strain  c was  estpresaed 


by  the  function 


f(  c = f(P) 


(«) 


where  i la  the  rate  of  strain,  R is  the  universal  gas  constant,  and  Q is  a 
constant  depending  on  the  material.  For  lov;  ten^ieratures  Q has  been  measured 
to  be  about  lO.OCXD  cal.  (gm.  mol.)”^  for  several  steels  (46)  and  since  R is 
1.987  cal.  deg.”'*’  mol.*'  , the  exponent  becomes  rou^ly  ^OOO/T.  The  parameter 
F then  has  the  value 

p . : .5°“/''  (9) 

Here  F is  a strain-rate  modified  by  a coefficient  which  is  a function  of 
teuqperature , or  P is  an  "equivalent  strain-rate".  Using  Q as  10,000  this 
concept  was  tested  with  the  present  data  for  SAE  lOlg  steel  and  found  to  give 
too  little  weight  to  the  effect  of  temperature.  For  elevated  tenperatures , 
however,  Q is  probably  not  a constant  but  depends  on  stress  and  temperature 
as  well.  By  trial  and  error  selection  a magnitude  can  be  found  for  Q,  to  cause 
the  data  to  fall  along  a fairly  smooth  curve.  Fig.  77  shows  the  torque 
corresponding  to  a shearing  strain  of  O.5O  in. /in.  for  SAB  lOlg  steel  plotted 
to  log  scale  against  the  parameter  P based  on  Q/H  40,000. 

Since  a small  variation  in  temperature  produces  a larger  effect  than  a 
fairly  large  increment  of  strain-rate  it  appears  that  if  the  combined  effects 
are  to  be  espressed  in  terms  of  only  one  parameter,  this  parameter  should 
be  more  closely  associated  with  temperature  with  an  appropriate  factor  to 
account  for  strain-rate  effects.  One  attempt  to  develop  such  a parameter  is 
discussed  in  Appendix  III  and  in  Section  9-d, 

c.  General  Bquatlon  for  Flow;  The  general  expression  for  flow  stress 
as  a function  of  strain,  strain-rate  and  tenperature  proposed  by  Hollomon 
and  lubahn,  (Eq.  B4  in  Appendix  II)  is: 
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Correlation  of  the  effects  of  rate  of  strain  and  temperature  with  the  present 
data  can  be  examined  by  use  of  equations  Bll,  B12»  and  B13  of  Appendix  B.  Of 
these, Bqs.  B12  and  Bl3  can  be  modified  by  the  sin^llflcation  for  shearing 
stress  in  the  torsion  test  giren  in  Eq.  7*  -'Htten  in  logarithmic  form  and 
calling  the  constants  to  Cg  we  haws 


In  t| 


In  T 


In  T 


Y,*? 


Oj  + Cg  In  Y 
Cj  + In  ^ 
C5  + Cg  % 


(11) 

(12) 

(13) 


Ocnstant  Straln»«Rate  and  Temperature;  Equation  11  Is  the  conventional 
true  stress-strain  equation  for  plastic  flow,  r m ac^  and  can  be  verified  by 
construction  of  the  torsional  stress-strain  curves  to  log  scale  for  the  in- 
dividual specimens*  These  curves  for  at  least  one  specimen  of  each  material 
are  shown  in  Fig*  76*  l^hese  curves  are  considered  to  be  typical  except  as 
indicated  below  mi.  can  therefore  be  accepted  as  checking  the  theory  except 
for  the  following  excluded  cases) 

1.  For  tests  in  which  a yield  point  was  observed,  analysis  by  means  of 
Eq.  A20  of  Appendix  I for  the  region  of  initial  yielding  was  not 
atten^ted  so  that  for  this  portion  of  the  plastic  strain,  Eq.  11 
was  not  verified. 

2.  In  no  case  was  the  relation  verified  for  the  portion  of  the  defor- 
mation after  the  maximum  torque  had  been  reached.  This  occurred 
relatively  late  in  the  test  for  each  metal  except  at  the  hi|^er 
temperatures* 
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. In  RC-70  titanium  it  was  obsarved  that  in  the  torsional  testing 
there  was  a tendency  for  considerable  strain  after  the  nuudmia 
resisting  torque  had  been  developed.  This  was  not  the  case  for 
R(>.130-B  titanium  alloy.  The  proportion  of  the  total  strain 
that  occurred  during  the  period  of  decreasing  torque  for  RC-70  was 
larger  for  the  hi^er  temperatures  and  for  the  lover  rates  of 
strain.  The  flow  equation  (Bq.  11)  was  applicable  only  to  the 
increasing  portion  of  .the  curve. 

4.  For  RC-13Ci>B  the  stress  determined  by  use  of  Eq.  A20  seems  to 
increase  sli^tly  more  rapidly  with  respect  to  strain  than  pre« 
dieted  by  Zq.  11  for  the  specimens  for  which  these  curves  vfere 
drawn. 

Constant  Strain  and  Temperature;  Equation  12  relates  the  effect  of 
8trnizv*rate  7 to  the  flow  stress  or  torque  for  a constant  shearing  strain  V 
and  at  constant  temperature  Tj^.  This  equation  Indicates  a linear  relation- 
ship  to  exist  between  In  T and  In  Y*  Hence,  if  In  T for  constant  Y and  con- 
stant Tj^  is  plotted  vs.  In  ^ «uid  the  ejqserlroental  values  fall  on  a straight 
line,  Bq.  12  is  satisfied.  Since  the  speeds  employed  in  the  present  testa 
differed  by  factors  of  ^0  to  1,  the  speed  numbers  can  be  used  to  represent 
the  logarithm  of  the  strain-rate* 

In  Figs.  to  ^ the  torque  is  plotted  to  a log  scale  versus  the  sx>eed. 
Each  point  represents  the  results  obtained  from  one  specimen.  Data  are  shown 
for  two  values  of  shearing  strain  for  each  material  (that  is,  Y equals  3 
cent  and  30  oent  for  steel  and  titanium,  and  2 per  cent  and  20  per  cent 
for  the  aluminum  alloy) . Several  other  strains  were  also  studied  with  re- 
sults similar  to  those  shown* 

The  curves  obtained  are  nearly  straight  for  all  tenperatures  for  the 
values  of  Y checked.  Therefore,  it  can  be  concluded  that  the  function  tdiioh 
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expresses  the  variation  of  the  logarithm  of  stress  or  torque  with  the  loga- 
rithm of  strain-rate  is  very  nearly  linear  for  all  seven  metals  tested.  Al- 
though the  graphs  for  specimens  vdiich  were  given  the  200-hour  aging  treatment 
have  not  been  included  here,  these  data  were  studied  and  the  variation  of 
In  T with  speed  was  also  found  to  be  linear,  even  for  the  ahiainum  alloys 
tested  at  tenperatures  at  which  the  effects  of  the  aging  treatment  on  the 
strength  and  ductility  were  large. 

These  data  indicate  then  that  although  the  effect  of  strain-rate  is  not 
large  in  general,  the  variations  in  strength  with  changes  in  strain-rate  can 
be  predicted  fairly  well  be  the  relation: 


T 


Y.Th 


(14) 


for  all  seven  metals  at  all  temperatures  investigated.  In  this  e:q)ression 
Cj  and  Cg  depend  on  the  strain,  temperature  and  material.  It  will  be  noted 
that  particularly  close  agreement  was  observed  for  the  SAS  43UO  steel  Pig. 79* 

Constant  Strain  and  Strain-Rate:  Equation  13  relates  the  torque  or 

stress  to  the  temperature  for  constant  strain  and  strain-rate.  The  logarithm 
of  the  torque  T is  expressed  as  a linear  function  of  the  absolute  (Rankine) 
tesroerature  Tj^.  This  can  be  checked  readily  by  plotting  the  torque  to  a I05 
scale  versus  Tj^  or,  more  conveniently,  versus  the  Fahrenheit  temperature  Tj, 
since  459*6**»  with  the  difference  between  Ty  and  T^  included  in  ihr 

constant  C_  in  Eq.  13. 

Some  of  the  data  which  have  been  plotted  in  this  manner  are  included  as 
Pigs.  85  91*  trends  of  the  points  in  general  appear  to  form  rather 

definite  curves  which  can  not  be  considered  linear.  Therefore  it  must  be 
concluded  that  Bq.  13  is  insocurate  in  expressing  the  variations  of  strength 
properties  caused  by  temperature  changes.  For  the  two  titaniums  the  trends 
were  more  nearly  linear,  particularly  at  the  faster  speeds.  However,  consid- 
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•Table  ▼arlatioils  from  the  straight  lines  %fore  ohserred  at  the  slower  speeds. 
76r  Sffi  U3U0  steel  the  trends  were  essentially  linear  up  to  7^^^  wide 
differences  were  evident  for  hi^r  temper  attires.  The  patterns  in  tdiich  test 
points  fall  for  aged  specimens  were  similar  to  those  shown  for  the  unaged 
specimens. 

These  data  indicate  that  (with  the  possible  exception  of  titanium)  the 
effect  of  teo^rature  for  the  ranges  of  variables  studied  here  did  not  con- 
form well  with  the  theoretical  relation  expressed  in  Eq.  13.  The  reason  for 
this  inaccur^ley  may  be  attributed  to  such  actions  as  precipitation  and  coar* 
lescence  of  solute  atoms  at  certain  temperatures  and  strain-aging.  In  other 
words,  the  properties  of  these  metals  changed  somewhat  during  the  progress 
of  the  test  and  could  not  be  expressed  by  a single  simple  equation  that  is 
independent  of  the  parameter  of  time. 

The  behavior  of  titanium  was  more  nearly  predicted  by  the  theory;  this 
is  further  evidence  that  the  types  of  aging  phenomena  observed  in  the  otibier 
two  metals  v'ere  not  present  (or  were  less  significant)  in  the  titanium. 

d,  Velocity-Modified  Temperature  Parameter;  The  velocity-modified 
tenperature  proposed  by  Hac&regor  and  Fisher  (jOuj^  is  briefly  discussed  in 
.Appendix  1X1. The  data  with  which  this  concept  was  originally  tested  (70,  71-) 
seemed  to  supi>ort  the  hypothesis  even  for  some  instances  in  >dilch  ultimate 
stresses  or  yield  stresses  were  used  Instead  of  the  flow  stress  as  e^quressad 
by  the  theory. 

On  the  basis  of  the  simplification  discussed  previously  in  Eq.  7,  this 
concept  may  be  e:q>ressed  here  in  the  form; 


f(Tffl) 


where : T = torque  at  given  shearing  strain  Y 


Tm  = velocity-modified  temperature. 
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(15) 
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!Phe  defining  equation  for  the  velocity-nodlfied  temperature  ia: 

5m  » Tr  (1  - k 3n  |-)  (l6) 

In  this  relation  the  slowest  strain-rate  was  selected  as  the  reference 
Strain-rate  for  this  invest Igatlon  so  that  s 0,0001  in. /in •/sec,  ^e 

k values  chosen  to  fit  the  data  to  the  smoothest  possible  curves  were  found 
to  het 

k K 0.010  for  SAD  IDIS  steel 
k « 0.010  for  SAS  4340  steel 
k s 0.010  for  ^S-T  aluminum  alloy 
k » 0.015  for  73^5  aluminum  alloy 
k « 0.020  for  TS-1  ma^esinm  alloy 
k « 0.030  for  It0>7^  titanium 
k = 0.015  for  R(V130-B  titanium  alloy 

Tor  each  metal  the  data  wore  examined  by  plotting  the  torque  vs.  T,g 
for  at  least  three  values  of  strain.  One  of  these  charts  for  each  metal  is 
included  in  Figs.  $2  - $8,  Ikom  these  graphs  it  can  he  seen  that  there  is 
general  agreement  with  the  theory  since  the  points  group  fairly  well  around 
a relatively  smooth  curve  that  has  been  sketched  in  to  follow  the  average 
trend*  fhe  shapes  of  the  curves  thus  obtained  are  not  the  same  for  different 
metals,  but  no  attea^t  is  made  by  the  theory  to  predict  the  shape  of  the 
curve. 

Correlation  was  noticeably  poorer  when  the  yield  strength  or  the  modu- 
lus of  rupture  was  plotted  Instead  of  flow  stress  or  torque  at  constant 
strain.  A very  broad  band  was  required  to  envelope  the  points  thus  obtained 
althou^  the  general  course  followed  by  the  band  was  similar  to  that  for  the 
curves  shown  in  Figs.  92  — 98* 

These  data  indicate  that  for  all  metals  studied  it  is  possible  to 
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^iprexlmeite  tlie  effects  of  both  strein-rate  and  temperature  In  terms  of  a 
single  parameter,  the  so-called  velocity-modified  tenperature,  for  the  range 
of  variables  Investigated.  No  slnple  relationship  resulted  however  between 
this  parameter  and  the  flow  stress  or  torque  for  a given  twist. 

10.  Correlation  with  Other  States  of  Stress. 

In  the  opening  section  of  this  report  it  was  pointed  out  that  one  of 
the  problems  encountered  in  utilising  the  results  obtained  in  any  series  of 
experiments  is  to  know  how  to  Interpret  the  data  for  applications  Involving 
someidiat  different  conditions.  Hesults  of  the  torsion  tests  reported  here, 
in  which  the  state  of  stress  was  biaxial,  wduld^not  be  e^qpected  to  conforjs 
exactly  with  data  from  uniaxial  tension  or  bending  tests  or  from  triaxlal 
Stressing, 

It  is  beyond  the  already  broad  scope  of  this  project  to  develop  means 
of  ai^lylng  the  results  obtained  here  to  oases  for  *dilch.  other  conditions 
are  encountered.  However,  it  seems  worthidille  to  point  out  some  of  the  tools 
already  available  which  might  contribute  to  more  general  application  of  these 
data. 

One  method  for  correlation  of  properties  of  materials  subject?!  to  dif- 
ferent states  of  stress  is  on  the  basis  of  stress-strain  characteristics. 

order  to  make  this  type  of  correlation,  the  generalized,  effective  or 
significant  true  stresses  and  strains  must  be  confuted  for  the  given  stress 
conditions.  Assuming  that  the  corresponding  principal  stresses  and  strains 
are  known  or  can  be  determined,  the  generalized  stresses  O and  strains  T 
are  defined  as  follows: 
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%riier«  Cg  and  are  the  three  true  normal  principal  stresses  and 
and  are  the  true  normal  principal  strains. 

Ibr  pure  tension  Cg  » ^ 0 and  Cg  = € ^ - jiCj.  Using  polssons  ratio 

(i  as  l/2«  the  expressions  for  generalized  stress  and  strain,  Eq^s.  17  and 
IS  reduce  to: 

? **  (19) 

7 e Cj^  (2C) 

For  pure  shear  in  torsion,  Oj^  e - » t,  and  Og  » 0,  i^ere  t is  the 

shearing  stress.  The  generalized  stress  for  this  ease  reduces  to: 

7 »\|T  T (21) 


The  strains  for  torsion  are  related  in  the  same  manner,  i.e. 

Cg  m 0,  and  Y c o Y is  the  shearing  strain  computed  by  the  relation 

c6 

as  discussed  in  Section  7a*  Mslcing  these  substitutions  the  equation  for 
generalized  strain  reduces  to: 


C t; 


w 


H 


(22) 


Equations  21  and  22  may  be  used  for  correlation  of  the  torsion  test  data 
with  the  stresses  and  strains  for  a uniaxial  stress  condition.  Somewhat 
more  oonplex  relationships  may  also  be  derived  from  Eqs.  I7  and  18  for  other 
combinations  of  principal  stzesses  encountered  in  a service  condition.  For 
these,  the  values  of  the  effeotive  or  generalized  stresses  and  strains 
(cr  and  7)  may  be  predicted  from  the  torsion  test  data  by  means  of  Eqs.  21 
and  22. 
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XT  SIM4ARY  AKD  COHCIZJSIONS 


An  ejqperlmental  study  was  made  to  determine  the  effect  of  rate  of  strain 
and  of  elevated  teaperatures  on  the  mechanical  properties  of  seven  different 
structural  metals  in  pure  torsion.  Prepared  sanples  were  tested  at  four  con* 
stant  rates  of  strain  in  the  range  from  0.0001  to  12.5  in. /in, /sec.  and  at 
four  temperatures  ranging  from  room  temperature  to  various  maximum  tempera- 
tures up  to  1200T  depending  on  the  type  of  alloy  studied.  Values  of  the 
torque,  angle  of  twist  and  time  were  continuously  recorded  automatically  to 
provide  data  from  >diich  the  usual  torsional  properties  were  computed. 

The  experimental  data  were  analyzed  in  terms  of  the  basic  mechanisms 
controlling  the  behavior,  and  the  effects  of  the  two  parameters  were  coopared 
with  mathematical  theories  in  the  literature.  From  the  results  of  this  study 
the  following  ctticluslons  are  suoswrlzed: 

1.  Increasing  the  temperature  caused  the  yield  strength  and  mod- 
ulus of  rvpture  to  decrease  and  caused  the  angle  of  twist  to 
fracture  to  increase  for  all  materials  and  for  all  rates  of 
stradn  except  (a)  in  the  blue-brittleness  temperature  range 
for  steel,  and  (b)  in  the  temperature  rai^e  for  aging  of 
aluminum. 

2.  Increasing  the  rate  of  strain  usually  caused  some  increase 

in  strength  but  to  a lesser  degree  than  that  caused  by  decreas- 
ing the  temperature.  However,  increasing  the  rate  of  strain 
had  a pronounced  effect  on  ductility.  The  greatest  ductility 
was  observed  at  the  highest  temperature  and  slowest  rate  of 
strain  except  as  noted  in  items  7t  end  l6  below. 

3.  The  rate  of  increase  of  flow  stress  t (or  torque  T)  at  a 
given  strain-rate  V,  can  be  expressed  with  a good  degree  of 
accuracy  by  the  equation 
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irtiere  and  are  constants  ^ich  depend  on  the  material, 
the  teo^erature  and  the  amoiint  of  strain. 

4,  The  rate  of  Increase  of  flow  stress  t (or  torque)  at  a given 
strain  with  increase  in  temperature  for  titanium  can  he  STb- 
pressed  approximately  by  the  equation 


5 e 


C^) 


for  ^ 0.005  in. /in. /see.  where  j and  h are  constants 
which  depend  on  the  material,  strain  and  strain-rate. 

5.  The  rate  of  decrease  of  flow  stress  t (or  torque  T ) for  a 
given  strain  with  increase  in  temperature  for  the  other  metals 
at  all  speeds  and  for  titanium  at  « 0.0001  did  not  conform 
with  the  behavior  predicted  by  the  Bq.  The  shape  of  the 
curve  (in  T vs  tenperature)  was  different  for  each  different 
temperature. 

6.  It  is  possible  to  express  the  effects  of  both  strain-rate 
and  temperature  in  terms  of  a single  parameter  such  as  the 
velocity-modified  temperatxire  T„,  and  get  a smooth  curve  for 
flow  stress  or  torque  at  a given  strain  when  plotted  versus 
Tj,.  The  shape  of  the  curve  obtained  was  different  for  each 
metal  studied  and  did  not  appear  to  be  readily  expressible 
in  mathematical  form. 

7.  At  certain  elevated  temperatures  beginning  at  about  400F 

a reduction  of  ductility  and  a sli^t  increase  in  strength 
were  observed  for  SAS  1018  steel.  This  is  usually  referred 
to  as  blue-brittleness. 
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S.  The  absohite  (Rankine)  hlue-hrittleness  temperature  Tr  for 
SA£  lOlg  steel  was  a function  of  the  rate  of  shearing  strain 
%(hieh  can  be  expressed  roughly  by  the  equation 

T-»_2S.-S2a_ 

® as.a  + In  ■? 

for  the  present  data  and  for  that  of  two  other  investigators. 

9,  The  torque-tine  records  obtained  in  the  blue-brittleness  range 
exhibited  the  Jagged  or  erratic  contours  typical  of  the  vari- 
ations in  flow  stress  developed  by  the  straln*«glng  idienomenon. 

10.  The  specimens  of  SAS  lOlS  steel  tested  at  room  ten^erature 
e^dxiblted  a yield  point  in  the  ordinary  tension  test,  and 
a sharp  yield  point  was  observed  in  the  more  rapid  torsion 
tests  at  the  lower  ten^eratures.  The  ratio  of  the  upper  to 
lower  yield  point  torques  observed  was  found  to  decrease  with 
an  increase  in  temperature,  and  decreased  or  disappeared  at 
the  lower  strain  rates. 

11.  The  specimens  of  RC-70  and  RC-I30-B  titanium  tested  at  room 
ten^erature  e:dxiblted  a definite  yield  point  in  the  ordinary 
tension  test.  A pronounced  yield  point  was  also  observed 

in  the  rapid  torsion  tests  of  R&-70  at  elevated  temperatures. 
The  ratio  of  the  upper  to  lower  yield  point  torques  observed 
at  the  hipest  strain- rate  Increased  with  an  increase  in 
ten^erature  and  decreased  or  disappeared  at  the  lower  strain- 
rates.  The  yield  point  observed  in  torsion  tests  of  RC-I30-B 
was  less  pronounced  than  for  RO-7O  titanium  and  not  as  con- 
sistent. 

12.  The  properties  of  the  titanium  were  more  sensitive  to  changes 
in  strain-rate  than  were  the  properties  of  the  other  metals. 
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13.  Specimens  of  steel,,  aluminum  and  magnesium  remained  c^lind'- 
rical  vdien  deformed  and  there  was  no  appreciable  change  in 
their  dimensions.  The  titanium  specimens  however,  tended  to 
deform  in  such  a manner  that  ridges  formed  on  the  surface 

and  wound  like  screw  threads  around  the  circumference  at  large 
strains. 

14.  Very  large  strains  were  developed  before  fracture  in  the  speci- 
mens of  1018  steel,  magnesium  and  titanium  in  tests  at  0.0001 
in. /in. /sec.  strain-rate  at  the  hipest  test  tenqperatures. 

These  strains  and  temperatures  were: 

1000  per  cent  at  lOOOF  for  SAE  1018  steel 
800  per  cent  at  600V  for  FS-1  magnesium  alloy 
1200  per  cent  at  10OOF  for  RC-70  titanium 
3750  P®r  cent  at  lOOOP  for  RO-I3O-B  titanium 

15.  The  largest  strains  in  SAS  4340  steel  (800  to  1000  per  cent) 
were  developed  at  320QP  in  tests  at  O.OO5  in. /in. /sec. 

16.  The  greatest  ductility  for  the  two  aluminum  alloys  was  about 
800  per  cent  and  occiirred  at  60OF  at  a strain-rate  of  0.25 
in. /in. /sec.  (not  at  the  slowest  speed  as  for  the  metals 
listed  in  item  l4).  flarked  decreases  in  total  angle  of  twist 
were  observed  for  both  hi^er  and  lower  rates  of  strain. 

17.  The  two-hundred  hour  aging  treatment  (at  the  test  temperature) 
in  advance  of  the  test  had  no  appreciable  effect  on  the  strength 
or  ductility  of  steel  or  titanium  for  any  ten^erature  up  to 
lOOOP  or  any  strain-rate  studied  here. 

18.  Two-hundred  hovirs  at  1200F  produced  some  increase  in  strain 
and  some  decrease  in  strength  of  SAE  4340  steel  as  compared 
with  unaged  specimens. 
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19.  The  two-hundred  ho\ir  aging  treatiaetit  produced  a decrease  in 
strength  and  an  increase  in  ductility  for  all  speeds  of  test- 
ing of  75S-T  aluminum  alloy  at  UOOP,  and  for  ^S-T  at  UOOP 
and  6OQP,  hut  had  no  appreciahle  effects  at  other  tenperatures. 
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APPBHDIX  I. 

Derivation  of  the  Equation  for  Shearlne  Stresa  In  Tcrslon 


Confutation  of  the  aotual  shearing  stress  at  any  point  in  a member  suh- 

Tc 

Jeeted  to  torsion  can  bo  made  using  the  well  known  ▼ * "j*  relationship  for 

only  stresses  which  remain  proportional  to  the  corresponding  strains.  When 

this  equation  is  used  for  torques  exceeding  the  limit  of  proportionality  the 

the  so-called  stress  resulting  is  not  real  but  merely  represents  the  torque 

converted  to  stress  units  by  dividing  by  the  factor  — which  is  a function  of 

c 

the  cress-sectional  area. 

It  is  possible  however  to  develop  a relationship  stressing  the  true 
shearing  stress  at  the  surface  of  a cylindrical  bar  subjected  to  pure  torsion 
as  a function  of  the  twisting  moment,  the  angle  of  twist  or  shearing  strain, 
and  the  rate  of  increase  in  moment  with  reenect  to  twist  or  strain.  This 
relation  for  torsion  is  similar  to  the  equation  for  bendii^  developed  by  Her- 
bert (129).  It  is  based  on  the  assumptions  ef  homogeneity  and  Isotropy  ef 
the  material  and  applied  to  a bar  of  uniform  circular  cross-section  at  a paint 
sufficiently  removed  from  the  point  of  application  of  the  load  so  that  stress 
is  not  a function  of  axial  position. 

The  bar  is  subjected  to  a twisting  moment  or  torque  T acting  in  a plane 
perpendicular  to  the  longitudinal  axis  of  the  bar  (See  ng.  99).  For  equi- 
librium the  resisting  moment  on  any  normal  cross-section  must  be  equal  to  the 
qcrplled  twisting  moment 


p T dA 
V 


(Al) 


But  by  choosing  dA  as  a ring  sf  radius  p and  width  dp  the  element  of  area  is 
dA  tt  2npdp  and  we  obtain 


2it\  t p*  dp 

X ’ 


U a) 


If  the  assuiBotlon  is  made  that  the  shearing  strain  Vp  in  each  element  of  the 
cross  section  is  proportional  to  the  distance  of  the  element  from  the  central 
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longitudinal  axis  for  both  elastic  and  inelastic  shearing  strains  then  p and 


dp  may  be  e5q>ressed  in  terms  of  shearing  strain  Y^: 

c Y 

where:  Y^  is  the  shearing  strain  at  a radius  p 

Y is  the  shearing  strain  at  the  surface  vdiere  p s e 
then  dp  = ~ d Yp 
and  P*  * ( I*  Yp* 


(A  3) 


(A  4) 
(A  5) 


Substituting  these  values  ef  p and  dp  in  Sq..  AS  and  anplying  the  cerre»> 

ponding  limits  to  Y^  we  obtain  the  relation: 

.V 

<.  /o 

Since  Y and  c may  be  treated  as  constants  in  the  Integration  with  resoect 

to  Yp,  Eq.,  a6  may  be  rewritten  as  follows: 

Y 

▼p  Yp*  dVp  (A  7) 

But  if  it  can  be  assumed  that  tho  shearing  stress  is  some  function  of  the 
shearing  strain  (emd  angle  of  twist  to  which  the  strain  is  proportional) « then 

Tp  » f (Yp)  (A  g) 

There  is  no  need  to  assume  ^at  that  functional  relationship  is»  but  by  using 
Eq.  Ag  and  letting 


r(Yp)  » Yp®  f (Yp)  » Yp®Tp 
Eq.  A7  may  be  written  as  follewe: 


Y^  T 
2r»c^ 


I'(Yp)dYp 


(A  9) 


(AlO) 


Here  the  function  E(Yp)  is  not  known,  so  the  integral  cannot  be  evaluated 
directly.  However  by  taking  the  partial  derivative  with  respect  tr  Y we 
obtain; 


If  \ r(Yp)dYp  « 1^  C^-^) 

2ac 


(All) 
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or  if  we  let 


r(Yp)dYp 


G(Yp) 


It  re salts  that 


(A12) 

(A15) 


Eraluatlag  the  left  side  of  the  ec^uation  for  the  Units  given  wo  have 


BO  that 


or 


IyH>1 

•«  P(Y)  *s  iY* 

(Al4) 

u « 

aztd 

iv[“H 

» P(0)  * 0 

(A15) 

VY*  • -iw 

r(3Y®T  + Y^  ~) 

(AI6) 

(AI7) 

Equation  AIJ  provides  us  with  an  expression  from  which  we  can  determine 

the  shearing  stress  v in  the  outer  fibers  for  any  Y if  we  have  test  data  from 

which  to  draw  the  curve  giving  the  relation  between  the  twisting  moment  T and 

the  shearing  strain  Y in  the  outer  fibers. 

tit 

By  noting  that  ^ is  the  slope  of  the  T vs  Y curve  and  hence  for  any  poiat 
o * 

P on  the  T>Y  curve 


6T  ^ T ~ Tq 
«Y  “ Y 


(Al«) 


where  Tp  is  the  intercept  of  the  tangent  on  the  T axis,  (see  Pig.  lOO),  we  can 
suhstltute  this  relation  in  Eq.  AIJ  and  obtain 


or 


V ■ (3T  + V " 

2nc“^ 


T « (^^  - T©) 

2nc-^ 


(AI9) 


(A20) 


Equation  A20  gives  the  relationships  in  the  most  convenient  form  for  use 
in  determining  t from  the  T vs  Y curve.  However  Y *«  cOJ^vAiere;  0'  is  the 
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angle  tt  twist  in  radians  in  a length  X*  8*  « ^/57‘^  where  0 is  eaqpressed 
in  degrees  so  that  7 = 06/57. 3S.  » K8  irtiere  K is  a constant  for  a given  ipeei- 
aen  if  the  dimensions  do  not  change  during  twisting.  Since  plots  of  f vs  6 
were  made  as  a part  of  routine  calculations  of  data,  true  stresses  eoa|>uted 
were  determined  from  the  T vs.  6 curves  available  rather  than  r^lotting  T 
versus  Y. 

In  application  of  Eq..  A20  to  actual  curves  obtained  experimentally  it 
should  be  pointed  out  that  difficulties  are  frequently  encountered.  In  the 
case  of  the  metals  which  exhibit  a Sharp  drop  in  the  torque  at  the  yield  point 
the  stress  at  the  circumference  as  calculated  by  Eq.  A20  would  have  an  uiv- 
reasonably  large  negative  value  due  to  the  very  hi^  for  the  falling  per*, 
tlen  of  the  curve.  This  is  evidence  of  non^homogeneoue  yielding.  Strain^ 
aging  which  depends  upon  a function  of  time,  tenperature,  and  strain  would 
lead  to  an  inhomogeniety  across  the  section  vdilch  Isa  function  of  the  strain. 

If  the  T vs.  Y (or  T vs.  8}  curve  does  not  continue  to  increase  all  the 
way  to  fracture  but  passes  tfarou^  a maximum,  the  slope  of  the  tangent,  horl- 

•m 

zontal  at  this  maximum  point,  would  be  sero.  Hence,  the  term  ~ in  Eq.  A17 

oY 

would  'go  to  sero  giving  the  maximum  stress: 


^ conparlson  of  Eqs.  A21  and  A22  it  can  be  seen  that,  for  specimens  for  which 
a horisontal  tangent  was  observed  in  the  T vs  6 diagram,  the  actual  maximum 
shearing  stress  is  equal  to  three-fourths  of  the  modulus  of  rupture. 
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APPENDIX  II. 

Dlacusslcn  of  a Genaral  Equation  for  Plow. 


A general  ej^ression  relating  stresBy  strain,  teo^rnture  and  strain* 
rate  for  plastic  deformation  has  been  proposed  by  Holloman  and  lubahn  (47, 

4S,  67)  and  is  based  on  a series  of  simple  relationships  among  different  pairs 
of  these  variables  obtained  by  holding  other  pairs  eonstcmt.  These  relation- 
ships are: 


e = A*"|.  „ 

(B  1) 

(B  2) 

Q/r  - Th(  la  P . m »/l,i 

(B  3) 

Equation  B3  eapresses  the  saM  relationships  as  the  e^^ression  for  the  parst- 
■eter  P which  is  defined  and  discussed  briefly  in  Section  fb.  Trom  these 
three  relationships  (Eqs,  Bl,  B2  and  B3)  lubaha  (67}  shows  how  the  equation 


i (B  - 1% 

or  » 00  ( T ) e 

*0 


(B4) 


can  be  developed.  In  this  equation  G,  D,  £,  7,  0 and  Cq  are  constants  of 
the  material.  absolute  temperature,  < is  the  true  strain  and 

Tji 

the  true  strMn*rate.  The  term  0 is  added  to  the  equation  as  presented 
earlier  (47,  4g). 

Tor  constant  c,  Eq.  4 becomes 


(B  + ITr) 

a « CO  (H)  c 

lAere  H and  I are  new  constants.  However 


(B5) 


(H)^  « «*  1,^  (B  6) 

where  I is  another  constant.  Combining  the  two  constants,  0 and  L «diich 
have  the  exponent  T^,  we  have  the  constant  H and  thus 


o o 


OH  c 


itr) 


(B  7) 
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ICrltten  in  logarlthnle  form  this  becomes 

lno»lnC  + Tjj  lnN+(E  + ITjj)ln  c (B  g) 

which  in  terms  of  sln^lified  constants  W and  M is 

lnocW+Hl^  + (B  + I%)ln  e (B  9) 

Tor  constant  e we  hare 

lnotrW+MPn  + X+  SPR»U  + VTji  (BIO) 


with  sin^lified  constants. 

Tor  SQjplication  directiy  to  torsion  the  two^^dimensional  relation  ex- 
pressed in  Equations  Bl,  B2,  and  BIO  can  be  written  as  follows: 


t| 

= aY^ 

<B11) 

h.TR 

tI 

St 

(B12) 

IY.% 

e g + h Tj 

(B13) 

I^.Y 

where  a,  b,  d,  g,  h and  n are  material 

constants. 
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APPENDIX  III. 

PlseuBslen  of  the  Veloclty^l-fadlflgd  Temperature  Parameter 


In  order  to  ein^lify  the  study  of  the  Influence  of  teioperature  and  time 
(or  rate  of  strain)  on  the  flow  stress  or  stress  at  a given  inelastic  strain 
it  has  been  proposed  that  the  number  of  significant  variables  may  be  reduced. 
Since  the  effects  of  temperatur©  and  rate  of  strain  are  believed  to  be  Inter- 
related, MacGregor  and  Fisher  (70,  7^)  have  proposed  that  instead  of  express- 
ing the  flow  stress  as  a function  of  three  variables,  absolute  temperature, 
strain-rate  and  strain,  as: 

O - f(TR,  i,  €)  (C  1) 

the  first  two  could  be  combined  in  a **veloctly-modified  temperature”  Tq 
leaving 

o = «)  (C  2) 

An  es^ession  for  determining  was  also  proposed: 

•% 

where:  is  an  arbitrary  reference  strain-rate  and  k is  a constant  for  the 

material  selected  (presumably  by  trial  and  error)  so  that  when  stress  is 
plotted  versus  Tm  a smooth  curve  results.  This  expression  was  developed  fkom 
a theory  proposed  earlier  by  Ijjrring  (e4)  based  on  an  absolute  reaction-rate 
and  an  exjsression  of  secondary  creep  developed  by  Kausmann  (38). 

This  concept  was  examined  by  MacGregor  and  Fisher  in  terms  of  tensile 
data,  some  of  which  was  original  and  some  borrowed  from  the  literature,  and 
general  agreement  was  observed  for  the  materials  and  ranges  of  variables  re- 
ported. 

For  torsional  test  data  the  shearing  strain-rate  may  be  used  and  the 
absolute  tenperature  Tjj  selected  for  use  here  is  in  terms  of  the  Rankine 
scale.  Thus,  the  shearing  stress  in  torsion,  according  to  this  concept 
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would  b« 

T = f (Tm,  Y)  (C  4) 

and  because  of  the  approximate  relation^ip  of  torque  T to  shearing  stress 
T,  and  of  the  Clearing  strain  Y to  the  angle  of  twist  0,  this  function  can 
be  rewritten  as 

T = f(Tm,  0)  (C  5) 
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Table  1 . 


APPENDIX  IV 

Tables  of  Individual  Test  Results 

Torsion  Properties  of  SAE  1018  Steel  at  Room 
Temperature . 


FIRST  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


SEOOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  pel 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  pal 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  in/in 


Energy  Absorbed,  In-lb 


/-2  /~6f> 


tO.3  ^2A 


Average 


Zt.l 


U.7  A 


^S.4. 


6o.s\  69.2.  70.^8 


;l.oo  2.2^ 


/-/  /~/2  f-4-9  1-6S- 


^9.9  30A  ^2.2  /<?? 


Average 


30.2 

29.4 

24.S 

^4.2 

70.4- 

69.^ 

2.24 

2.t2 

4,3/0 

3.270 

f-3  /-/7  /-2-f  f-6n 


37.9  39.2  3T2 


Average 


33S 


39.^ 


30.3 


3?.'2  32. /\  3Sr.3 


32.0  29,9\  33.7 


fJ./ 


67.S- 


j.^/  X7l 


3.zm 


1-1(4-  /-42  t~SrO 


S-/.0  iro.S-\  U/.3 


32.2 


V>.7 


3,9  (TO 


/~6f  /-3i  Average 


91. 


S-o.sr 

14/. 3 

34.S- 

^7.3 

67.3 

62.2, 

BEBKffi 

33  fO 

3.(ft0 

Tabl^  2.  Torsion  Properties  of  SAE  1018  Steel  at  400°P  (Not  Aged) 


FIRST  SPEED Specimen  No.  f f-tJj' Average 


Proportional  Limit,  1000  psl 

/«<7 

-17.7 

23.0 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

^^7 

2^?.0 

Z1.  ! 

Yield  Point  (Lower),  1000  psl 

2.0.2 

2i7.// 

X//.0 

Modulus  of  Rupture,  1000  psl 

'J3J 

72./ 

T3.-2 

1L! 

Shearing  Strain,  In/ln 

0.  90 

0. 9/f 

0.?3 

0.29 

Energy  Absorbed,  In-lb 

4 W 

/,U/0 

/.(4-2C 

/.  i/OO 

SECOND  SPEED Specimen  No.  /-f3  /-^9  Average 


Proportional  Limit,  1000  psl 

AS-.7 

2^.^ 

27.9 

2 9. /> 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

2ST.7 

24.  C 

27.9 

2 6.6 

Yield  Point  (Lower),  1000  psl 

mm 

23.3 

29.7 

29.3 

Modulus  of  Rupture,  1000  psl 

79.9 

76,3 

73./ 

Shearing  Strain,  In/ln 

/.  ?7 

/,2/ 

/.29 

/.2? 

Energy  Absorbed,  In-lb 

4 920 

/,?90 

2.030 

/.990 

THIRD  SPEED  Specimen  No.  /-Jf  /-73  /-/j7  Average 

Proportional  Limit,  1000  psi 

mm 

30.  { 

23.0 

29.  r 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psl 

27.3- 

30.  / 

2?.0 

23.t 

Yield  Point  (Lower),  1000  psi 

22. 

27.7 

29.  z 

2S-.ST 

Modulus  of  Rupture,  1000  psi 

70.9 

79.3 

79.0 

73.1 

Shearing  Strain,  In/in 

2.03 

/.3o 

462 

4 7 2 

Energy  Absorbed,  In-lb 

2,9/0 

2,330 

2.9?  0 

2.^70 

FOURTH  SPEED  Specimen  No.  /-?^7  l-l3o  AveraRe 

Proportional  Limit,  1000  psi 

23.1 

99.3 

39.2 

3^.0 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

99.3 

3 3.2 

92.9 

Yield  Point  (Lower),  1000  psi 

2 3.7 

2.^.7 

27.1 

mm 

Modulus  of  Rupture,  1000  psi 

73./ 

77.3 

72.ir 

n.t 

Shearing  Strain,  In/ln 

2.29 

4 96 

/.n 

2.02 

Energy  Absorbed,  In-lb 

3M90 

3.120 

2.7  ?0 

3,/ 2 0 
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3 . T«rsl«i  Px>«9«rtl*s  of  SIS  1018  St4M4  %00*F  (A«o*} 


FIRST  SPEED Specimen  No»  /-f3 


Proportional  Limit,  1000  psl 

23.9 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

:i?./> 

23.9 

Yield  Point  (Lower),  1000  psl 

2S/.0 

2/.r 

Modulus  of  Rupture,  1000  psl 

b?.? 

Shearing  Strain,  In/ln 

o.9f 

Energy  Absorbed,  In-lb 

/26o 

SECOND  SPEED Specimen  No.  /-22 


Proportional  Limit,  1000  psl 

2^.0- 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

2r« 

Yield  Point  (Lower),  1000  psl 

22,(> 

Modulus  of  Rupture,  1000  psl 

bf.9 

Shearing  Strain,  In/ln 

/.^2 

Energy  Absorbed,  In-lb 

2.l?0 

^1.0 


22./  2^^ 


i>2A 


/.3:i 


2,l3i>\  2.nO 


kveraKe 

Z6.S 

2^.f 

23  2 
/<t</ 

2,1^-Q 


THIRD  SPEED 


Specimen  No.  f-2f  /-S'? 


Average 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


^7.3 


22./ 


?0.? 


2j(> 


3JbO 


FOURTH  SPEED Specimen  No.  /-2U  /-Si/  /-90 Average 


Pi*oportlonal  Limit,  1000  psl 

3S;9 

n3 

3^.2 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

3ST.9 

3?3 

3(,2 

Yield  Point  (Lower),  1000  psl 

wm 

2ST.2 

30.0 

z^.s- 

Modulus  of  Rupture,  1000  psl 

ns 

72.0 

Shearing  Strain,  In/ln 

2.bSr 

2.2S 

2.27 

2.(^0 

Energy  Absorbed,  In-lb 

3,730 

3hbo 
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% . TmrmUm  S&E  ima  S«««3.  700V  (S»t 


FIRST  SPEED Specimen  No«  _ /-f3  /~/33 Average 


Proportional  Limit,  1000  pel 

WBB 

/i/.o 

/r.'? 

/f6.3 

yield  Strength,  1000  psl 

/ 

/7.K 

20.n 

/f.2 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

SrO.3 

h03 

66.9 

6/.ir 

Shearing  Strain,  In/ln 

3.1? 

3.0? 

wm 

3.11 

Energy  Absorbed,  In-lb 

U,/?o 

SECOND  SPEED Specimen  No.  /-US’  /-f>^  /-/?^ AveraRQ 


Propoirtlonal  Limit,  1000  psl 

/3.9 

/6,i^ 

/S.7 

Yield  Strength,  1000  psl 

i1.(> 

/91 

/?.1 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

60,6 

q/.o 

61.0 

Shearing  Strain,  In/ln 

2,1? 

2.13 

2.2(6 

Energy  Absorbed,  In-lb 

XSr?o 

3,720 

3,2  so 

THIRD  SPEED  Specimen  No.  /-4f/  /-///  /-fSt  Average 

Proportional  Limit,  1000  psl 

/9.9 

27.? 

22.  S' 

2/.1 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

/9.9 

X2.? 

27,  S 

mBSi 

Yield  Point  (Lower),  1000  psl 

/9J 

22.0 

21.6 

20. 1 

Modulus  of  Rupture,  1000  psl 

66.? 

6?.9 

6S.3 

Shearing  Strain,  In/ln 

/.H-9- 

!.3tf 

/.?/ 

/.  36 

Energy  Absorbed,  In-lb 

ms 

wm 

/,93o 

FOURTH  SPEED  Specimen  No.  i-UO  f-96  f-ff^  kveTaae 

Proportional  Limit,  1000  psl 

29.  ^ 

29.6 

f?.ff 

2S.1 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Em 

296 

2S.<2 

29.0 

Yield  Point  (Lower),  1000  psl 

22? 

2/.  6 

Modulus  of  Rupture,  1000  psl 

6n.6 

916.0 

61.16 

Shearing  Strain,  In/ln 

/.qo 

f.3? 

lss 

/SU 

Energy  Absorbed,  In-lb 

wm\ 

2,!  fro 

BBQ 

WADC  TR  53-10 


91 


5.  Torsion  Propeirtlai  of  SAE  1018  Steal  mt  7©0®F  (Aga4) 


FIRST  SPEED Specimen  No«  /-?9  f-fo? Average 


Proportional  Limit,  1000  psl 

//.  / 

/3.fy- 

13.3 

yield  Strength,  1000  psl 

x/.o 

/6.6. 

!?.0 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modtilus  of  Rupture,  1000  psl 

6 /.S’ 

mm 

Shearing  Strain,  In/ln 

3.30 

2.i,n 

Energy  Absorbed,  In-lb 

3,(^0 

SECOND  SPEED Specimen  No.  /-f/  i-fH Average 


Propoirblonal  Limit,  1000  psl 

/f.f 

/i.i 

■/7.f 

Yield  Strength,  1000  psl 

/n.n 

/9.^ 

/9.0 

Yield  Point  (Olpper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

6 2.S' 

b?.3 

bb.i 

Shearing  Strain,  In/ln 

2,Srf 

2,3  / 

Energy  Absorbed,  In-lb 

mti 

3,fbSL0 

THIRD  SPEED  Specimen  No.  /-J7  f~Sr9  i-ixl  Average 

Proportional  Limit,  1000  psl 

ma 

2l,f> 

23.0 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

20.9 

2I.O 

23,0 

2/.  (> 

yield  Point  (Lower),  1000  psl 

BED 

19.0 

27.1b 

mm 

Modulus  of  Rupture,  1000  psl 

bo.9 

bo.(> 

1BH 

Shearing  Strain,  In/ln 

/,t! 

f.3  9 

/./<b 

/.3Sr 

Energy  Absorbed,  In-lb 

2,020 

/,9S0 

i,tqo 

FOURTH  SPEED  Specimen  No.  /~zf  /~^o  k^reraKe 

Proportional  Limit,  1000  psl 

BS 

2b.2 

2L2 

2 b.  0 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

3-^.Z 

2b.7 

2b.O 

Yield  Point  (Lower),  1000  psl 

22,0 

20.(> 

20.  (r 

21.  ! 

Modulus  of  Rupture,  1000  psl 

6S.S- 

73.2. 

b9.f 

Shearing  Strain,  In/in 

/.sq 

/.r4 

/.7f 

/.l^b 

Energy  Absorbed,  In-lb 

2, op 

7,0lf0 

MBMU 

IMDC  m 53-10 
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Tahiti  6 . Tom«B  Pnpertitts  of  SAE  1018  St»»l  at  lOOO^P 

(■ot  Aged) 


FIRST  SPEED Specimen  No«  I-/I3  t-lU-'J Average 


Proportional  Limit,  1000  psl 

/P. 

3M 

7.n 

3T7 

yield  Strength,  1000  psl 

WRi 

(0.  o 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

23.3 

ZU.I 

SLi.n 

2.3.0 

Shearing  Strain,  In/ln 

n.(>n 

i-.Srt 

/o.oq 

Energy  Absorbed,  In-lb 

3J30 

WMSt 

4, mo 

SECOND  SPEED Specimen  No«  f-/¥S  Average 


Proportional  Limit,  1000  psl 

fsr.i 

/(>./ 

/0.2 

(3.? 

Yield  Strength,  1000  psl 

/S.o 

/fX 

/¥.o 

//.2 

Yield  Point  (Upper),  1000  psl 

. 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3/X 

3lA.t 

30.t 

■ 

32.0 

Shearing  Strain,  In/ln 

7.3f 

sr,02 

Energy  Absorbed,  In-lb 

WBL 

wEtL 

THIRD  SPEED  Specimen  No.  f~(,3  f-nt  f-n^  l-/fy3  Average 

Proportional  Limit,  1000  psl 

/t.o 

1/-.3 

Yield  Strength,  1000  psl 

BB 

Xf.2 

/7.2 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3^.2 

U-I.O 

U-o.(f^ 

3^2 

3t^ 

Shearing  Strain,  In/ln 

3.(f? 

3.f! 

i/n 

4.0  6 

Energy  Absorbed,  In-lb 

2,^/0 

2,S(>0 

3,3/0 

FOURTH  SPEED  Specimen  No.  /-/2  kvevsLKe 

Proportional  Limit,  1000  psl 

22.2 

27.^ 

24  3 

72, 

22.1 

Yield  Strength,  1000  psl 

2tf.3 

2/.? 

23.2 

23.7 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

ST2.b 

n,o 

i^sr.2 

t^s.9 

toM 

Shearing  Strain,  In/ln 

3.0S- 

XV 

3.oi> 

3.31/ 

3.0t 

Energy  Absorbed,  In-lb 

3,030 

7,(>20 

3,0  tro 

xr/0 
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niflst  7 . ToxwlMi  Pr*i^rtl*s  of  SAX  1018  Stool  at  lOOO^F  (Axo4) 


FIRST  SPEED  Specimen  No.  /-/2J  f-131  i-iSf  Average 

Proportional  Limit,  1000  psl 

/2.3 

12.1 

lX.S 

12.3 

Yield  Strength,  1000  psl 

/m 

/</.f 

n.7 

IH3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

19.1 

2l.C> 

Shearing  Strain,  in/ln 

bM 

7.7? 

Energy  Absorbed,  In-lb 

3.Uot 

3,2(pO 

SECOND  SPEED  Specimen  No.  /-/2^  /-/?^  l-fW  Average 

Proportional  Limit,  1000  psl 

!3.f 

/3.7 

/U! 

Yield  Strength,  1000  psi 

/7.f 

/b.2 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

32.L 

30.7 

30.  9 

Shearing  Strain,  In/ln 

r.f7 

?.0f 

9.1  f 

7.9^ 

Energy  Absorbed,  in -lb 

mm 

t,  3^0 

THIRD  SPEED  Specimen  No.  /-/.27  /-/iT"  Average 

Proportional  Limit,  1000  psi 

/3,sr 

f2./ 

/f.sr 

f2.9- 

Yield  Strength,  1000  psl 

/^.o 

/3.2 

/3.2 

/ 3.  t 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

HHI 

Modulus  of  Rupture,  1000  psl 

wm 

2^.2 

KSS 

Shearing  Strain,  in/ln 

3.fl 

Energy  Absorbed,  In-lb 

7.290 

2,3^0 

FOURTH  SPEED  Specimen  No.  /-/29  /-/IfO  I-ISU  Average 

Proportional  Limit,  1000  psl 

l?2 

20.? 

ms 

Yield  Strength,  1000  psl 

2L3 

/?.2- 

20.  o 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

^3.3 

ItWH 

Shearing  Strain,  In/in 

3.03 

3.23 

3.0  (> 

3.11 

Energy  Absorbed,  in-lb 

3,0^0 

3.010 

2,?  00 
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T»l»le,8.  Tonlon  Properties  of  SAE  Steel  at  Boom 

Te»pegature> 


FIRST  SPEED  Specimen  No,  2 -ft  2-fg  2-foo  Average 

■ " ""  1 I ' " ' I " I I 1 ' ^ 


Proportional  Limit,  1000  psl 

9/r 

97.n 

/oo.o 

9^.^ 

Yield  Strength,  1000  psl 

BE 

/o?,o 

//O.O 

//o.  ? 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/3fO 

13  to 

f3%0 

/J7.3 

Shearing  Strain,  in/ln 

0.  n 

0.  SI 

0.92 

o.sl 

Energy  Absorbed,  in -lb 

^,900 

2,  sso 

2,900 

WBm 

SECOND  SPEED Specimen  No,  2-40  2-f/3 Average 


Proportional  Limit,  1000  pal 

9 2.4- 

97.0 

9/7 

Yield  Strength,  .1000  psl 

/O3.0 

/Ot.O 

/Ofo 

/of.3 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

/37.0 

/34.(> 

139.0 

/36.9 

Shearing  Strain,  in/ln 

0.97 

/.Of 

0.99 

4.97 

Energy  Absorbed,  in-lb 

2,9^0 

3,3/0 

3,fCo 

HES9 

THIRD  SPEED  Specimen  No.  2-93  2-99  2-fo9  2-f2/  2-123  Average 

Proportional  Limit,  1000  psi 

/o6.3 

f4.0 

?2.f 

/OO.  0 

92.6 

Yield  Strength,  1000  psi 

n?S 

/Ofo 

9?.o 

99.f 

//O.O 

/o6.f 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

/ 4-3.9 

fSC.o 

/2t.O 

f3t.2 

/3C.0 

/33.2 

Shearing  Strain,  in/in 

o.  ?o 

/.  23 

/o9 

0.6/ 

0.63 

0.97 

Energy  Absorbed,  in -lb 

2,G0o 

3 990 

3J30 

/,9?o 

/,96o 

FOURTH  SPEED  Specimen  No.  2-^,?  2-/o^  2~//o  2-!^'^  Average 

Proportional  Limit,  1000  psl 

/ff.o 

/06.9 

9 Of 

//O.O 

/07.2- 

Yield  Strength,  1000  psl 

//9.0 

nf.o 

//to 

//f,4 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/37.7 

/40.f 

/u/.o 

/3?J 

Shearing  Strain,  in/ln 

0.3G 

0.39 

0.f2 

0.44 

0.93 

Energy  Absorbed,  In-lb 

/.  2 20 

wm 

WEM 

/,3¥0 

/,3f0 
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Table  9* 


Toralon  Properties  of  SAE  4340  Steel  at  400®P 

(Not  Aged) 


FIRST  SPEED  Specimen  No,  1-4^  2-f.S‘  2'/ff  Average 


Proportional  Limit,  1000  psl 

49M 

69.2 

64.0 

6f.^ 

Yield  Strength,  1000  psl 

90.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

/3g.C 

/¥^.o 

Shearing  Strain,  In/ln 

0.9^ 

0.99 

o.n 

0.914 

Energy  Absorbed,  In-lb 

3.0 

1 

3,030 

2,990 

2.9  S'O 

SECOND  SPEED Specimen  No,  2-3^  2^//2  Average 


Proportional  Limit,  1000  psl 

90s 

99.1 

— 

90.4 

Yield  Strength,  1000  psl 

90.  0 

9¥.o 

f/.r 

91.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

/3/.ST 

/33.9 

/32.Z 

/32.S- 

Shearing  Strain,  In/ln 

0.9  r 

0.99 

0.99 

0.93 

Energy  Absorbed,  In-lb 

2,5-00 

2,590 

2.2-'JO 

2.450 

THIRD  SPEED  Specimen  No.  l~3t  2-^9  2*/J7  Average 

Proportional  Limit,  1000  psl 

99.9 

69.3 

999 

73.5- 

Yield  Strength,  1000  psl 

92s 

99.9 

91.3 

999 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

/22.r 

/22.I 

f25-./ 

/23.t 

Shearing  Strain,  In/ln 

0.99 

/./3 

/.o9 

/.O7 

Energy  Absorbed,  In-lb 

2.990 

3.190 

3,05-0 

2.990 

FOURTH  SPEED  Specimen  No.  2-^6  2-90  2'fiV  Averapce 

Proportional  Limit,  1000  psl 

BZ] 

93.9 

940 

Yield  Strength,  1000  psl 

99.9 

99.4 

99.9 

99.0 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

tf9.o 

//6.¥ 

(/f,0 

//t.l 

Shearing  Strain,  in/in 

0 92 

0.49 

0.49 

0.49 

Energy  Absorbed,  In-lb 

/.d4o 

1,290 

f.  230 
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Table  10.  Torsion  Properties  of  SAE  4j40  Steel  at  400®P 

(Aged) 


FIRST  SPEED  Specimen  No.  2-tS^  -2-/7  Average 


Proportional  Limit,  1000  psl 

'70S 

S'O.t 

] 

u.(> 

yield  Strength,  1000  psl 

772 

7?.¥ 

Yield  Point  (Upper),  1000  psl 

yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

// 

/tlfi 

/c^7o 

rS9./ 

Shearing  Strain,  In/ln 

D.?2 

0.70 

0.9 

o.ft 

0.S3 

Energy  Absorbed,  In-lb 

2,/30 

2,270 

2.70^ 

2.3r9o 

2,(/-3o 

SECOND  SPEED Specimen  No.  2-^?  Average 


Proportional  Limit,  1000  psl 

9^.0 

77.0 

79.  / 

'76.1 

Yield  Strength,  1000  psl 

90.9 

99.7 

99.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

^■1 

Modulus  of  Rupture,  1000  psl 

f'7. 2 

/32.3 

Shearing  Strain,  In/ln 

0.?^ 

0.9(7 

o.7</ 

77.9! 

Energy  Absorbed,  In-lb 

2,1790 

2,(/90 

2,770 

2,360 

THIRD  SPEED  Specimen  No.  2~Sr/  I''??  Average 

Proportional  Limit,  1000  psl 

9/2 

77.9 

72.1 

73.9 

Yield  Strength,  1000  psl 

93.2 

93. ! 

9i>M 

9?.  2 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

722 J 

722.2 

Shearing  Strain,  In/ln 

(.03 

O.90 

0.99 

0.9/ 

Energy  Absorbed,  In-lb 

2,9(f0 

2,000 

IBSSL 

2,^20 

FOURTH  SPEED  Specimen  No.  2-99  2-ni  Avei^ae 

Proportional  Limit,  1000  psl 

700.9 

707.2 

70^.7 

702.7, 

Yield  Strength,  1000  psl 

/00.7 

/Of. 77 

702.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

f20.2 

779.0 

wfm 

720.7 

Shearing  Strain,  In/in 

O.ST7 

0.07 

o.s'f 

O.S'8 

Energy  Absorbed,  In-lb 

f.no 

77790 

7.630 

7.t^0 
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mbl«  3.  Tersim  Properties  of  SAE  1018  Steel  «t  700^F  (Age4) 


FIRST  SPEED  Specimen  No* 


Proportional  Limit,  1000  psl 


yield  Strength,  1000  pal 


Yield  Point  (Upper),  1000  psl 


yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  In/in 


Energy  Absorbed,  In-lb 


/-it  /~?9  /-/o 


//.  / /tM  /3.(f 


/&t\  -xf.o 


6/t 


3.30  2,(>n 


I/,!  to  3,if 


/~x&  f-/in 


/7.7  /9.t 


2t/.9\  i/.o\  -3.3.0 


/9J\  /9A  22. 


/.t!  /39 


Average 


Average 


•5  /%'^m  / 9Q 


FOURTH  SPEED Specimen  No.  /--if  /~bo  /-9'2 Average 


Proportional  Limit,  1000  psl 

wm 

2L3 

HSQ9^ 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

•2 1,(? 

3b.2 

2b.2 

36.0 

Yield  Point  (Lower),  1000  psl 

23.0 

20.^ 

30.  6 

3f.  ! 

Modulus  of  Rupture,  1000  psl 

wm 

6s:r 

73.2. 

(?9.l 

Shearing  Strain,  In/ln 

/.i-7 

/S^ 

/.3f 

Energy  Absorbed,  In-lb 

3,090 

2,0(f0 

I,?i0 

■BEES 
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TftMe  12.  Torsion  Properties  of  S4B  43^0  st  7(X^  (Aged) 


FIRST  SPEED Specimen  No.  , 2-6?  3-7^ Average 


Proportional  Limit,  1000  psl 

?2.3 

6/.0 

6S:3 

Yield  Strength,  1000  psl 

wEEk 

69.0 

7^.3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

/oS’.O 

//$■./ 

//2,0 

Shearing  Strain,  In/in 

/.3'7 

/.  30 

/.  3^ 

Energy  Absorbed,  in-lb 

13^0 

B5SS 

1320 

3,^00 

SECOND  SPEED Specimen  No.  2-?^  2-^0  Average 


Proportional  Limit,  1000  psl 

67.ST 

6/3 

63.1 

Yield  Strength,  1000  psl 

79.^ 

9 2 S' 

79.9 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

/f¥.o 

//?.(> 

//7.0 

//^.2 

Shearing  Strain,  In/ln 

/.3¥ 

/.U 

f.2t 

/.2Sr 

Energy  Absorbed,  in -lb 

3,(>^0 

3,/ro 

3,7^0 

1730 

THIRD  SPEED  Specimen  No.  2-3?  2-^/  7.-T3  Average 

Proportional  Limit,  1000  psi 

7¥.o 

67.9 

6tr.l 

69.0 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

//?.(> 

nSr.2 

/f?,/ 

Shearing  Strain,  in/ln 

0.9/ 

0. 90 

0.90 

0.77 

Energy  Absorbed,  In-lb 

7J¥o 

!,9Sro 

/96o 

/99o 

FOURTH  SPEED  Specimen  No.  2-f2  2-f?  Average 

Proportional  Limit,  1000  psl 

99.0 

9/^ 

I2S 

Q/6 

Yield  Strength,  1000  psi 

/ 00.0 

9/.  7 

99¥ 

92.9 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/n.9 

f/99 

//¥.¥ 

f/f.7 

Shearing  Strain,  in/in 

o.  ?/ 

o.6¥ 

0.70 

0.69 

Energy  Absorbed,  in -lb 

/.900 

/.62o 

/920 

97/ 0 
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Table  13-  Torsion  Properties  of  SAE  43^0  Steel  at  1000°P 

(Not  Aged) 


FIRST  SPEED Specimen  No.  2-3f  i-i/f  2-/0S'  2-/-??  Average 


Proportional  Limit,  1000  psl 

3¥S 

3r./ 

3'7.f 

3¥f 

Yield  Strength,  1000  psl 

wBBl 

¥¥t 

¥9.f 

Lfip 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

! 

s-f.C 

■Eaai 

Shearing  Strain,  in/ln 

¥91 

¥.¥0 

3.9¥ 

¥p¥ 

Energy  Absorbed,  In-lb 

wm. 

¥,/?o 

¥Mo 

SECOND  SPEED Specimen  No«  7-3^  2-91  7'foi Average 


Proportional  Limit,  1000  psl 

¥').t 

¥9.1 

¥9.2 

Yield  Strength,  1000  psi 

6/S 

62.0 

(>oP 

//.¥ 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

7/3 

hB 

7/.0 

1/^ 

Shearing  Strain,  in/ln 

^.(>9 

3./¥ 

2.91 

2.11 

Energy  Absorbed,  In-lb 

3,920 

3,110 

If,  no 

19  ¥0 

THIRD  SPEED  Specimen  No.  2-31  2-/&'?  Averap^e 

Proportional  Limit,  1000  psl 

SrU 

S'/p 

n/ 

tarn 

Yield  Strength,  1000  psi 

6 9.^ 

7/.¥ 

/9.S- 

70,2 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

ft,/ 

8f.9 

?/./ 

f/.9 

Shearing  Strain,  in/ln 

/.  30 

f.0¥ 

/./9 

//f 

Energy  Absorbed,  in-lb 

/.1 90 

/,/,oo 

//90 

FOURTH  SPEED  Specimen  No.  2-/^f  2-(20  %-n¥  Average 

Proportional  Limit,  1000  psi 

S7P 

7ff 

11.  t 

7«r 

Yield  Strength,  1000  psi 

7/,9 

ns- 

f(/.¥ 

799 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

9U 

99s 

/o3.¥ 

9f.9 

Shearing  Strain,  in/ln 

/.  /o 

/./9 

/./? 

Energy  Absorbed,  in-lb 

/,/>8o 

/,820 
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Table  14.  Torsion  Pixjpertles  of  SAE  4540  Steel  at  10Q0®P  (Aged) 


FIRST  SPEED Specimen  No.  2-f  a-f  2-/^ Average 


Proportional  Limit,  1000  psl 

37,0 

30.0 

3?.!r 

1 

3t.2 

Yield  Strength,  1000  psl 

i^?.o 

i^3.Sr 

uq.7 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

sr^.s- 

S-s.z 

t;.sr 

s-^j 

Shearing  Strain,  In/in 

^.00 

¥.99 

Energy  Absorbed,  In-lb 

Sr,^fO 

13;';  to 

■HQ 

SECOND  SPEED Specimen  No.  2^2  7'I0  1-20 Average 


Proportional  Limit,  1000  psl 

S^o.o 

U£/./ 

¥6.9 

Yield  Strength,  1000  psl 

Sr9J 

srg.9 

sr9.9 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

EEB 

if? 

69¥ 

69.9 

Shearing  Strain,  in/ln 

3.^9 

3.3  f 

3.0/9 

3.2/ 

Energy  Absorbed,  In-lb 

^t/0 

W3BS^ 

WB/L 

19 1320 

TRIM)  SPEED  Specimen  No.  2~3  2-H  2-2/  Average 

Proportional  Limit,  1000  psl 

$0.? 

Sr 9 3 

S'?./ 

ST9.7 

Yield  Strength,  1000  psl 

69.0 

67./ 

66.^ 

n.¥ 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

sif.r 

79.ST 

79  i 

9/.  2 

Shearing  Strain,  in/in 

/.  /Sr 

/.2i 

/.//¥ 

/./? 

Energy  Absorbed,  in-lb 

/.(>9o 

/.7/fO 

/,i7/> 

FOURTH  SPEED  Specimen  No,  7- 2-/2  2-27  Average 

Proportional  Limit,  1000  psl 

?o,S 

79? 

70.  ¥ 

^0.2 

Yield  Strength,  1000  psi 

g/.  2 

?o.? 

?/./ 

?!.o 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

7 is 

WEBM 

Shearing  Strain,  in/in 

fS9 

/.zsr 

/.z¥ 

/.3i 

Energy  Absorbed,  in-lb 

/.9Sro 

/,970 
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Table  15 . Terslen  Prepertlea  of  SAB  Steel  at  1200i*F  (Mot  Ase4) 


FIRST  SPEED Specimen  No.  Z-HS  X-L^  2-10 ! 


Proportional  Limit,  1000  psl 

2.6 

3.5 

3.? 

3,3 

Yield  Strength,  1000  pal 

■a 

BSM 

7-7 

6.3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

12.1 

/b.o 

fZ.5 

Shearing  Strain,  In/ln 

6.UI 

7.  to 

t.ZS 

7.3/ 

Energy  Absorbed,  In-lb 

1 2.tO 

2.020 

19/0 

SECOND  SPEED Specimen  No.  i-72.  ^-if^ Average 


Proportional  Limit,  1000  psl 

2A8 

20.7 

22.^ 

Yield  Strength,  1000  psl 

0^  7. 6 

23.0 

2Sr.  ! 

Yield  Point  (Upper),  1000  psl 

1 

Yield  Point  (Lower),  1000  psl 

1 

Modulus  of  Rupture,  1000  pal 

30.0 

30.  4 

Shearing  Strain,  In/ln 

?JO 

WEL 

■zy 

Energy  Absorbed,  in -lb 

t,280 

^.920 

4.370 

THIRD  SPEED  Specimen  No.  2-U7  2-73  7-/2^-  Average 

Proportional  Limit,  1000  pal 

31/.? 

3(>.? 

V.3 

34.3 

Yield  Strength,  1000  psl 

42,7 

¥2/ 

1^ 

tAL  i 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

¥9.3 

¥f.3 

1^ 

¥f.^ 

Shearing  Strain,  In /in 

3.97 

3.3  J 

3.6C 

Energy  Absorbed,  in-lb 

3,o3o 

2M0 

2^660 

2.7/0 

FOURTH  SPEED  Specimen  No.  2-7/  Average 

Proportional  Limit,  1000  psl 

U.3 

!T?.C 

7Sr.sr 

66.8 

Yield  Strength,  1000  psl 

64.0 

7?.^ 

mm\ 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  pal 

Modulus  of  Rupture,  1000  pal 

7/.0 

7^.9 

Shearing  Strain,  In/in 

^.33 

2.H 

2./0 

2.7? 

Energy  Absorbed,  in-lb 

4.200 

7.6i,o 

wm 

3.230 
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Table  16.  Torsion  Properties  of  SAE  45^0  Steel  at  1200®P  (Aged) 


FIRST  SPEED Specimen  No«  3-Hf  Z~H3  1-IH7 Average 


Proportional  Limit,  1000  psl 

L6 

1.3 

wgM 

HB 

/.3 

Yield  Strength,  1000  psl 

3.7 

^.3 

(0.2. 

WBBmi 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

//.r 

_1±\ 

II. 2- 

Shearing  Strain,  In/ln 

wsa 

IKS 

Energy  Absorbed,  In-lb 

-2,  700 

izto 

U^OQ 

1,73  6 

SECOND  SPEED Specimen  No.  2-/3T  2-/W  Average 


Proportional  Limit,  1000  psl 

22,0 

2 2./ 

Yield  Strength,  1000  psl 

2.1/2. 

2S-3 

2t.l 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

2f.9 

2f.2 

Shearing  Strain,  In/ln 

?3? 

(o.tf 

Energy  Absorbed,  ln~lb 

U.l/oo 

EBB 

r,/96 

THIRD  SPEED  Specimen  No.  2-/^?  ^^!rl  Average 

Proportional  Limit,  1000  psl 

mm 

/9.7 

2/p 

23.3 

Yield  Strength,  1000  psl 

2<r.£? 

30.6 

2 St  3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3Sr.o 

30.0 

msk 

3^.2 

Shearing  Strain,  in /in 

t.OT. 

W 

mm 

Energy  Absorbed,  in-lb 

2,^ro 

3.^90 

^,9^0 

FOURTH  SPEED  Specimen  No.  7-1^6  ■2-{!r2  Average 

Proportional  Limit,  1000  psl 

3?.2. 

If  2.  / 

Yield  Strength,  1000  psl 

Wm 

Us: 

/O.o 

Lf3.2 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

U9.L 

WM. 

i'0.(7 

Shearing  Strain,  in/in 

3.92 

L/.7t 

(/.OO 

U06 

Energy  Absorbed,  In-lb 

3.3^0 

^,ojo 

%(,/0 
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Table  17.  Torsion  Propex>tles  of  24S-T  Aliaalntm  Alloy  at  Room 

Temperature 


FIRST  SPEED Specimen  No,  3-6^ Average 


Proportional  Limit,  1000  psl 

22,i> 

2 3.? 

yield  Strength,  1000  psl 

» 

30.2 

2f.2. 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

S9-1 

Sfs 

sris- 

Shearing  Strain,  In/ln 

o.fr! 

0.fT2 

0.  S'3 

Energy  Absorbed,  In-lb 

q3o 

6^0 

SECOND  SPEED Specimen  No.  ?-/  3-3!  3-6S~  Average 


Proportional  Limit,  1000  psl 

12.3 

20.  / 

Yield  Strength,  1000  psl 

2?.n 

26.0 

2tM 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3T9.2 

Shearing  Strain,  In/ln 

as'f 

o.a 

0.S-! 

Oirf 

Energy  Absorbed,  In-lb 

690 

9/0 

f20 

6^0 

THIRD  SPEED  Specimen  No.  3-3  3~3ir  3-6y  Average 


Proportional  Limit,  1000  psl 

2.L9 

/f.o 

%/.6 

Yield  Strength,  1000  psl 

30.6 

29.9 

30.7 

30.(6 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

S-6.ST 

37.2 

t6.2 

36.6 

Shearing  Strain,  In/ln 

0.^ 

mm 

0.32 

0.33 

Energy  Absorbed,  In-lb 

6<ro 

660 

620 

6(60 

FOURTH  SPEED  Specimen  No.  ?--T2  7-^7  3~92  Average 

Proportional  Limit,  1000  psl 

32S 

wm 

33.1 

36.2 

Yield  Strength,  1000  psl 

32.2 

32.9 

33.t/ 

37.t 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3i7 

369 

Shearing  Strain,  in/ln 

0.32 

0.S2 

0.30 

0.3! 

Energy  Absorbed,  In-lb 

6/0 

630 

600 

6/0 
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Table  18.  Torsion  Properties  of  SlfcS-T  Alumlnnm  Alloy  at  200°P 

(Hot  Aged) 


FIRST  SPEED  Specimen  No.  2-//3  3-//^ 


Proportional  Limit,  1000  psl 

BH 

WBSSk 

Yield  Strength,  1000  psl 

32.ST 

34(7 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

6/J 

^9.9 

6 <(2 

Shearing  Strain,  In/ln 

0.^9 

0.93 

0.f2 

0.?? 

Energy  Absorbed,  In-lb 

Z.^9-0 

/.ogo 

/,/fo 

SECOND  SPEED Specimen  No.  3-73.  3-/20  Average 


Proportional  Limit,  1000  psl 

^90 

Yield  Strength,  1000  psl 

3 3.C 

J2.2 

32.  t 

32.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

m 

nn 

^t.9 

STB,/ 

Shearing  Strain,  In/in 

O.S-7 

os// 

OS/ 

OS// 

Energy  Absorbed,  In-lb 

9/0 

Uo 

(>30 

(70 

THIRD  SPEED Specimen  No.  3-37  3't2.( Average 


Proportional  Limit,  1000  psl 

39.(/ 

2f.O 

22.  / 

2CB 

Yield  Strength,  1000  psl 

32.9 

33.2 

3/S 

32.ST 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

irlB 

SrSr.2 

S-4,4 

^//s 

Shearing  Strain,  in/ln 

0.  (-/ 

OS/ 

0.(29 

OSO 

Energy  Absorbed,  In-lb 

/oo 

$00 

srsro 

^90 

FOURTH  SPEED  Specimen  No.  3-//2  3" ^22  Average 

Proportional  Limit,  1000  psl 

3^.3 

2^.(/ 

3/.3 

Yield  Strength,  1000  psl 

39s 

29.9 

39s 

jcsr 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

U-2 

(4.2 

(0.0 

6/? 

Shearing  Strain,  in/ln 

0.0 Sr 

ossr 

0 •//> 

Energy  Absorbed,  In-lb 

(,00 

(30 

600 

(/O 
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Tal)le  19.  Torsion  Properties  of  2^S-T  Alissinos  Alloy  at  200^F  (Aged) 


FIRST  SPEED  Specimen  No.  3-z!  3^/32  Average 

' " »'  ■■■■  ■■■■  III.  ■ ■ II  M—i  ■■  ■ I — - . , — Sr  ^ 


Proportional  Limit,  1000  psi 

:U.'? 

23.6 

W^Bk 

Yield  Strength,  1000  psl 

3t.n 

zf.3 

31.1 

Yield  Point  (upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Mod\ilus  of  Rupture,  1000  psl 

63.? 

62S 

6f.  ? 

Shearing  Strain,  in/ln 

HB3 

/.  00 

a?u 

/.  00 

Energy  Absorbed,  in-lb 

'.'130 

/.320 

1^ 

/.  360 

SECOND  SPEED Specimen  No.  d~t^  3-?C Average 


Proportional  Limit,  1000  psl 

2/6.2 

2.3.2 

26.3 

2/6.6 

Yield  Strength,  1000  psl 

3/./3 

32,6 

32.3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

U./6 

Srf.6 

BIS' 

S9.2- 

Shearing  Strain,  In/ln 

0.62 

0.62 

0.63 

0,62 

Energy  Absorbed,  In-lb 

no 

7P0 

?20 

930 

THIRD  SPEED  Specimen  No.  3 -fir  3-/33  Average 

Proportional  Limit,  1000  psl 

3O.0 

2f.f 

bb 

26.9 

Yield  Strength,  1000  psl 

33.2 

3(6.0 

30.2 

32.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

B6.9 

Bs:6 

S6.3 

Shearing  Strain,  in/ln 

0.49 

O.S-! 

o.so 

OSO 

Energy  Absorbed,  In-lb 

6/0 

s?o 



600 

FOURTH  SPEED  Specimen  No.  3-x(/  3-t^  3-?t  Average 

Proportional  Limit,  1000  psl 

2f.O 

27.  S 

3t7 

3/  6 

Yield  Strength,  1000  psi 

36.3 

9 0.7 

///.sr 

39.6 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

6/.i 

62.3 

62.? 

62.3 

Shearing  Strain,  in/in 

O.i-0 

mxso 

0.(69 

WBIEm 

Energy  Absorbed,  in-lb 

630 

3-/0 

690 

6/0 
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Table  20.  rymrtlaa  2MUT  Almimni  All^  «t  400^ 

(Xet  Aged) 


FIRST  SPEED  Specimen  No.  J-fot  ?-/2?  2-!f/3  Average 


Proportional  Limit,  1000  psl 

2(^.9 

7-CU 

2^.9 

yield  Strength,  1000  psl 

3^S 

3 os 

mm 

31^ 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

i/u.sr 

37.  i 

(/3.2 

Shearing  Strain,  In/ln 

o.Ut 

0.¥? 

p.¥C 

o.¥q 

Energy  Absorbed,  In-lb 

¥20 

3?0 

tj-Oo 

SECOND  SPEED Specimen  No.  2~Ut  3-/2&  ^ Average 


Proportional  Limit,  1000  psl 

2f.o 

2SJ 

23.^ 

Yield  Strength,  1000  psl 

30.0 

7.7  z 

l¥9 

3/.^ 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

¥?.3 

iro.o 

u6.9 

Shearing  Strain,  In/ln 

0.7^ 

fi.7(> 

0.62 

0.7/ 

Energy  Absorbed,  In-lb 

?20 

rto 

670 

THIRD  SPEED Specimen  No.  3'(o9  Average 


Proportional  Limit,  1000  psl 

IBS 

33.0 

29.2 

310 

Yield  Strength,  1000  psl 

36.^ 

3ir 

3(r.(/ 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

¥6.2 

¥¥.2 

i/s:3 

Shearing  Strain,  In/ln 

0.62 

0.^0 

0.60 

< 

O.Sf] 

Energy  Absorbed,  In-lb 

Srto 

¥/0 

620 

rro 

FOURTH  SPEED  Specimen  No.  3-7^  3~loG  3~ff0  Average 

Proportional  Limit,  1000  psl 

2</.  / 

29.9 

29.7 

279 

Yield  Strength,  1000  psl 

32./ 

V/.2 

mm 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

i/r.2 

0-9.3 

Shearing  Strain,  In/ln 

0.3  7 

0.  27 

0.(10 

0.33 

Energy  Absorbed,  in-lb 

¥30 

2¥0 

2/70 

3?D 
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Table  21.  Torsion  Properties  of  24S-T  Alumimim  Alloy  at  400°P  (Aged) 


FIRST  SPEED  Specimen  No.  J-a/’  3-n^  Average 

.l.»  — .1-..  II  n ■ --I  " I • ' 1 ' I ' -r  I ^ I 


Proportional  Limit,  1000  psl 

2/  ^ 

(9.^ 

2/ 

yield  Strength,  1000  psl 

2i:6 

2f.2 

22,^ 

2S:.fr 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

2f.{/ 

to 

2(>0 

Shearing  Strain,  in/ln 

o.irt/- 

0.^7 

0.79 

O.i,! 

Energy  Absorbed,  In -lb 

310 

310 

39  0 

3^-0 

SECOND  SPEED Specimen  No.  3~9o  Average 


Proportional  Limit,  1000  psl 

2^>.0 

mSB 

lUM 

.2/.0 

Yield  Strength,  1000  psl 

J2.2 

27 M- 

2/.ST 

2'J  0 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3?.3 

33.¥ 

2f7 

?3S 

Shearing  Strain,  In/in 

0.^3 

/.3f 

/.  Og 

Energy  Absorbed,  In-lb 

700 

7¥o 

^^0 

770 

THIRD  SPEED Specimen  No.  3-H  3-M  Average 


Proportional  Limit,  1000  psl 

2f.Z 

2T.7 

wm 

2¥.7 

Yield  Strength,  1000  psl 

32S 

3^.  S' 

2,3.? 

mm 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3f.9 

¥3.7 

3V.0 

s?.9 

Shearing  Strain,  In/ln 

0.77 

0.7! 

/.o¥ 

0 

Energy  Absorbed,  In-lb 

6 VO 

bf>0 

7S-0 

t>to 

FOURTH  SPEED Specimen  No.  3-yt  3'6o  Average 


Proportional  Limit,  1000  psl 

i¥.f 

B3 

32.1 

31.1 

Yield  Strength,  1000  psl 

313 

32./ 

3&.(> 

3S:7 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

¥f./ 

¥7.7 

¥6.  S' 

¥7.1/ 

Shearing  Strain,  In/ln 

0.29 

032 

WBk 

0.29 

Energy  Absorbed,  in-lb 

300 

3¥0 

mm 
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Table  22 


. Torsion  Properties  of  24S-T  Alualnnm  Alloy  at  600°P 

(Mot  Aged ) 


FIRST  SPEED Specimen  No.  ?-/^/ 


Proportional  Limit,  1000  psl 

r.9 

6.3 

7-3 

6.f 

yield  Strength,  1000  psl 

7.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

22 

/2.3 

9.2 

Shearing  Strain,  In/ln 

f.23 

un 

/. 

Energy  Absorbed,  In-lb 

/ 20 

290 

290 

zro 

SECOND  SPEED Specimen  No«  l-Uf  3-ft/  ; Average 


Proportional  Limit,  1000  psl 

iO.2 

WB^ 

//.o 

Yield  Strength,  1000  psl 

/2.f 

13. ( 

i 

/3.3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lowe,r),  1000  psl 

Modulus  of  Rupture,  1000  psi 

/9.9 

!¥.S' 

/s;2 

Shearing  Strain,  In/in 

/.srsr 

/.99 

/.V2 

Energy  Absorbed,  In-lb 

U^IO 

ilia 

960 

¥30 

THIRD  SPEED Specimen  No»  3-(3  3-f^9  3~/t3 Average 


Proportional  Limit,  1000  psl 

/6.1/ 

/7.2 

fSr.2 

/6.3 

Yield  Strength,  1000  psl 

/77 

/2.0 

/2.0 

/7.0 

/7.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

20.3 

mm 

23.0 

WEHk 

2/.¥ 

Shearing  Strain,  in/in 

/.S7 

2.09 

1.7^ 

/.?7 

/.n 

Energy  Absorbed,  in-lb 

6 9^ 

no 

9^0 

SrfO 

900 

FOURTH  SPEED  Specimen  No.  3 -2a  3-/3o  Average 

Proportional  Limit,  1000  psi 

2/./ 

/f.¥ 

20.6 

Yield  Strength,  1000  psi 

2!.(l 

12.9 

2/.S- 

20.6 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3-2.9 

^7,2 

KH 

Shearing  Strain,  in/ln 

0.9 

/./¥ 

0.9  U 

Energy  Absorbed,  in-lb 

390 

6fo 

920 

^zo 
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Table  S3.  Torsion  Propex>tles  of  S4S-T  Aluainm  Alloy  at  600^F  (Aged) 


FIRST  SPEED Specimen  No.  3- Ilf ^ 3-//7  Average 


Proportional  Limit,  1000  psl 

2.^ 

3.3 

MB 

z.r 

Yield  Strength,  1000  psl 

^.9 

t.3 

^9 

M 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

^.2 

3.3 

f.o 

Shearing  Strain,  In/ln 

2.13 

14.33 

3.// 

Energy  Absorbed , In-lb 

130 

2f]o 

1.^0 

300 

SECOND  SPEED Specimen  No.  3-9^  3-ltj Average 


Proportional  Limit,  1000  psl 

^■9 

Yield  Strength,  1000  psl 

(>.ir 

6.3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

7S 

7.^ 

7.9 

Shearing  Strain,  In/ln 

(,.srf 

6,2t 

7.3^ 

^.70 

Energy  Absorbed,  In-lb 

1.030 

99o 

/.o/o 

/,  0/0 

THIRD  SPEED  Specimen  No.  ?-//?  )-nf  Average 

Proportional  Limit,  1000  psl 

7X 

7.6 

Yield  Strength,  1000  psl 

HS9 

m 

■3B 

?.? 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

/3.0 

/ir 

BS 

(3.0 

Shearing  Strain,  In/in 

s.ys 

7.20 

f/.o 

?.3l 

Energy  Absorbed,  in-lb 

f.620 

h7fo 

/.no 

FOURTH  SPEED  Specimen  No.  3-32  3-^1/  3-160  Average 

Proportional  Limit,  1000  psl 

/O.f 

WHB 

2.9 

Yield  Strength,  1000  psl 

f.C 

/2. 3 

/0.7 

(O.f 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

/tc> 

/7.S- 

Shearing  Strain,  In/in 

2.30 

2.3/ 

2.2^ 

2.30 

Energy  Absorbed,  In-lb 

'?/0 

99-6 

7^0 
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Tftbl*  24  . Torslan  Properties  ef  73S-T  AIwsImbi  Alley  et  Beem 

Te^pereture 


FIRST  SPEED  Specimen  No.  U-3  U-/o3  Average 

' ■ “ I ■ I !■  I ' ■ ^ 


Proportional  Limit,  1000  psi 

3S-.2 

mk 

Sir.o 

3^.9 

Yield  Strength,  1000  psi 

urn 

U/.S 

¥3.0 

¥t2 

¥<r.ir 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

bl^.3 

KG 

63  n 

6¥S’ 

n/.3 

66.3 

Shearing  Strain,  in/in 

0.  37 

mm 

0.^0 

HES 

0.1/ Sr 

Energy  Absorbed,  in-lb 

i7o 

670 

7^0 

730 

670 

SECOND  SPEED  Specimen  No.  //-//  U-fl  4^-/f  Average 

Proportional  Limit,  1000  psi 

39J 

37.¥ 

33.9 

36.7 

Yield  Strength,  1000  psi 

u.r 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

wm 

bd.9 

63.3 

6^.2. 

Shearing  Strain,  in/in 

0.  3 ! 

0.  34 

^.3? 

0.3(6 

Energy  Absorbed,  in-lb 

m>o 

^30 

Sr/0 

THIRD  SPEED  Specimen  No.  U-:t3  if-j!  Lf-s*}  Average 

Proportional  Limit,  1000  psi 

33,  ? 

WBBi 

¥f.(7 

Yield  Strength,  1000  psi 

Sr 0.2 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

6ro 

n¥  / 

72,0 

'70.66 

Shearing  Strain,  in /in 

WEk 

0.30 

msm 

Energy  Absorbed,  in -lb 

14S-0 

uto 

U?o 

¥60 

FOURTH  SPEED  Specimen  No.  U-60  U-9^  Average 

PivDportlonal  Limit,  1000  psi 

sr^.sr 

¥6.0 

¥9.9 

Sr 0.0 

Yield  Strength,  1000  psi 

Sr¥.(( 

Sr¥.6 

rsr.7 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

72.3 

n/.o 

7/.0 

72.9 

70.  6 

mm 

Shearing  Strain,  in/in 

030 

0.27 

P.30 

1003 

0.30 

0.29 

Energy  Absorbed,  in -lb 

mm 

U20 

¥<ro 

¥30 

mm 
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Table  25.  Torsion  Properties  of  75S-T  Alumimna  Alloy 

at  200°F  (Not  Aged) 


FIRST  SPEED Specimen  No»  U'/O  U-Ui  u-9^ Average 


Proportional  Limit,  1000  psi 

3^,7 

7^.2 

33.0 

3^.3 

Yield  Strength,  1000  psi 

IHB 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

tO.'J 

S-Sr.^ 

Shearing  Strain,  in/ln 

0.  '?•* 

D.b9 

Energy  Absorbed,  In-lb 

WSEl 

270 

920 

SECOND  SPEED Specimen  No.  //-/2  U-i'/  Average 


Proportional  Limit,  1000  psi 

32. f 

3 S'/ 

Yield  Strength,  1000  psi 

WBk 

01? 

m.  9 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

bU.I 

b(/.9 

Shearing  Strain,  In/ln 

o.sro 

o.sro 

0S9 

o.srz 

Energy  Absorbed,  In-lb 

9 20 

770 

THIRD  SPEED  Specimen  No.  u-/(>  i4-(>Sr  ^-77  Average 

Proportional  Limit,  1000  psi 

UJ.3 

Ot.o 

37s 

u-/.  9 

Yield  Strength,  1000  psi 

Sro.b 

¥?.o 

09s 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

6Sr.^ 

bu.9 

6ir.? 

bSr.3 

Shearing  Strain,  in/in 

o.yff 

0,37 

0.3O 

0. 3S 

Energy  Absorbed,  in-lb 

Sroo 

rs-o 

roo 

Sr 20 

FOURTH  SPEED  Specimen  No.  U-yf  Average 

Proportional  Limit,  1000  psi 

fZ3 

ub.t 

t^o.9 

¥T.O 

Yield  Strength,  1000  psi 

S-Sio 

no 

SS-.7 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

90s 

9/.S 

7/.f 

7/  / 

Shearing  Strain,  in/ln 

os? 

0.3.^ 

mm 

0.27 

Energy  Absorbed,  in-lb 

U90 

030 

£/3o 

1^30 
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Table  26.  Torslan  Properties  of  75S-T  Alunlnim  Alloy 

at  200  P (Aged) 


FIRST  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/ln 


Energy  Absorbed,  in-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/ln 


Energy  Absorbed,  in -lb 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psi 


Modxilus  of  Rupture,  1000  psi 


Shearing  Strain,  In/in 


Energy  Absorbed,  in -lb 


4-1!. 


U3.2 


/,/eo 


SSr.'J 


3f.2 


i>3o\  (,sr.9 


OS3 


^3o\  6lfo\  670 


tft.9 

(^0.0 

(ff.tr 

$Sr.o\  U.o 


0.3U\  0.3 ('\  0.33 


irlo\  sr^o 


nf 

tfo.  f 

ST0.-2 

70.0  ^6.-3 


330 


Average 


o.'?f 


/.oi-o 


kveraRe 


0.  (0^ 


y/0 


Average 


UO.O 


Iff. 3 


Average 
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Talile.  27  . T«rsion  Pz*operti«s  of  75S--T  AlMrtJWi  i^l«7 

ftt  kOO^F  (Mot  Agod) 


FIRST  SPEED Specimen  No»  lJ-'3S'  U-(>^  U‘'l9  Average 


Proportional  Limit,  1000  psl 

ID.(> 

/9.<^ 

yield  Strength,  1000  psl 

22.3 

2m 

zU.f 

yield  Point  (Upper),  1000  psl 

yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

zU 

0.%0 

wm 

WBm 

Shearing  Strain,  In/ln 

/./i 

/.i? 

/.3S 

/.2r 

Energy  Absorbed,  In -lb 

r(o 

^90 

SECOND  SPEED Specimen  No.  ^4-30  V'?2  U'/02  Average 


Proportional  Limit,  1000  psl 

/f./ 

wm 

zr.f 

yield  Strength,  1000  psl 

30.3 

32.9 

33.^ 

32.3 

yield  Point  (Upper),  1000  psl 

yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

era 

39.tr 

31.3 

37.2 

Shearing  Strain,  In/ln 

o.'i? 

BEB 

o.9(> 

Energy  Absorbed,  In -lb 

•joo 

tio 

9 /TO 

770 

THIRD  SPEED  Specimen  No.  u-37  t4-(>9  Average 

Proportional  Limit,  1000  psl 

30.tr 

30.0 

1^ 

29.9 

yield  Strength,  1000  psl 

33.f 

33.9 

33.3 

yield  Point  (Upper),  1000  psl 

yield  Point  (Lower);  1000  psl 

Modulus  of  Rupture,  1000  psl 

3f.3 

319 

36.9 

31.0 

Shearing  Strain,  In/ln 

0.97 

0.?3 

o.?9 

Energy  Absorbed,  In-lb 

9(>o 

900 

900 

990 

FOURTH  SPEED  Specimen  No.  U'ftO  U-90  Average 

Proportional  Limit,  1000  psl 

3ST.0 

31.3 

39b 

yield  Strength,  1000  psl 

CfO.O 

9itr 

EBB 

93.0 

yield  Point  (Upper),  1000  psl 

yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

utr.'? 

t-^.3 

ro./ 

wsm 

Shearing  Strain,  In/in 

0. 

0.3/ 

0.3/ 

0.32 

Energy  Absorbed,  in-lb 

U20 

1900 

3^0 

390 
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Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  in-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  lOOO  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  in-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  in-lb 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  in -lb 


/t.o 


7.  3.  fro 


u-x'j 


/ /7..0 


/7.3\  /9,o  /%o 


w 


u-  9 (f-t?  ¥-9/ 


//.7  9.9 


rS.?\  u. 


if.?7 


2,i6o\  Xjoo 


f9.o 

ff.ff- 

X/.9 

21  M 

Xf.n\  32M 


o.S^r 


Average 


Average 


Average 
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Table  29.  Toirslon  Properties  of  75S-T  Aluminum  Alloy  at  600°P 

(Not  Aged) 


FIRST  SPEED Specimen  No.  Lf-20  U-Q!  U-?/ Average 


Proportional  Limit,  1000  psl 

2.2 

/.  9 

:2-.o 

Yield  Strength,  1000  psi 

6.2. 

■0 

U-.S' 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

mn 

mSk 

Shearing  Strain,  In/ln 

2.6/ 

7.^3 

wm 

Energy  Absorbed,  In-lb 

370 

7^0 

2f0 

3t0 

SECOND  SPEED  Specimen  No.  Average 

^-1 — ' — — r ' — I 1 1 1 


Proportional  Limit,  1000  psl 

U.o 

3M, 

mi 

Yield  Strength,  1000  psl 

91 

ms 

6.f 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

b.n 

a 

7.^ 

mm 

Shearing  Strain,  In/ln 

KS 

klO 

Energy  Absorbed,  In-lb 

iro 

9(>o 

THIRD  SPEED Specimen  No.  i^-lf3  M3  *4-79  Average 


Proportional  Limit,  1000  psl 

mn 

0 

9X 

Yield  Strength,  1000  psl 

fO.3 

/o.y 

/0.4 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

//./ 

/2.4 

//.? 

Shearing  Strain,  In/ln 

7.77 

7.44 

mm 

Energy  Absorbed,  In-lb 

ht/0 

WBM 

FOURTH  SPEED  Specimen  No.  U~7^  4-! 00  Averaxe 

Proportional  Limit,  1000  psl 

97 

wnm. 

Yield  Strength,  1000  psl 

/c,  ^ 

//-7 

HSl 

//.  0 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

BQ3 

/S.4 

rr.9 

/t.9 

Shearing  Strain,  In/ln 

7.(^3 

2.^7 

Energy  Absorbed,  In-lb 

930 

mL 

?10 
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Table  Torsion  Properties  of  75S-T  Alumlniia  Alley  at  600^F 

(Aged ) 


FIRST  SPEED  Specimen  No.  ¥-1^^  U-Ut  ¥-9‘t  Averaste 

' ■ ■■  II  I 7 .1  ..  I ■ . , ■ V ■■ 


Proportional  Limit,  1000  psl 

/.7 

X7 

0.9 

A? 

Yield  Strength,  1000  psl 

4!.  2 

3.9 

^.7 

3,6 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

U.9 

*7.3 

¥.3 

Shearing  Strain,  In/ln 

7.U 

2.69 

X.(>0 

Energy  Absorbed,  In-lb 

2<f0 

230 

2 90 

2Sro 

SECOND  SPEED Specimen  No.  U-9  1/-33  Average 


Proportional  Limit,  1000  pal 

^■9 

^.3. 

S.9 

9 A 

Yield  Strength,  1000  psl 

7.3 

6.ir 

6.9 

6.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

9.  3 

b.? 

6.9 

70 

Shearing  Strain,  In/ln 

b.9(> 

6.f  6 

6./9 

Energy  Absorbed,  In-lb 

?fo 

f3o 

f6o 

?6o 

THIRD  SPEED  Specimen  No.  9-/S'  9-99  9'f3  Average 

Proportional  Limit,  1000  psl 

7<7 

t9 

7.7 

7.^ 

Yield  Strength,  1000  psl 

9.^ 

f.sr 

90 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

■BS 

/2.9 

ff.O 

r/.9 

Shearing  Strain,  in/ln 

9.f^ 

r.99 

6.Sr9 

Energy  Absorbed,  In-lb 

/,9oo 

/.^oo 

/,  900 

FOURTH  SPEED  Specimen  No.  U-99  U-f9  kvevB.Ka 

Proportional  Limit,  1000  psl 

r.3 

9.9 

f/.S" 

9.1 

Yield  Strength,  1000  psl 

9./ 

97 

/0.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

wm 

Shearing  Strain,  in/ln 

3.22 

^7/ 

Energy  Absorbed,  In-lb 

9fO 

wsn 

wm 

9oo 
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Table  31.  Terslen  Preperblee  ef  FS-1  NasneBllai  at  Aeeai 

TaHperatvre 


FIRST  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psl 

ms 

yield  Strength,  1000  psl 

V 

U 

f./ 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3!f0 

3t.C 

mm 

Shearing  Strain,  In/ln 

o.srf 

o.t/ 

c.sr// 

os  2 

Energy  Absorbed,  In-lb 

320 

3/0 

330 

320 

SECOND  SPEED Specimen  No.  r-2  ^-70^ Average 


Proportional  Limit,  1000  psl 

S-.3 

u 

t/.9 

9.7 

WKBi 

Yield  Strength,  1000  psl 

9.0 

7.9 

9.0 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3/n 

3/.f 

wm 

Shearing  Strain,  In/ln 

0.07 

an 

0.  V-7 

0.  ^0 

Energy  Absorbed,  In-lb 

2>/0 

290 

790 

2%0 

THIRD  SPEED  Specimen  No.  /--/f  t-i3  M7  Average 

Proportional  Limit,  1000  psl 

s-j 

7S 

Yield  Strength,  1000  psl 

mm 

/O.^ 

f/.S- 

/O.  3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

30.G 

33  0 

32,1 

Shearing  Strain,  in/in 

00.2 

0.3/ 

0.39 

WEm 

Energy  Absorbed,  In-lb 

260 

US 

230 

220 

FOURTH  SPEED  Specimen  No.  tsi  Average 

Proportional  Limit,  1000  psl 

/3? 

ft.i 

//.<t 

/r.9 

/^./ 

Yield  Strength,  1000  psl 

S.9 

f^.o 

/s.r 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

d/C.i/ 

39.^ 

3kl 

3S./^ 

Shearing  Strain,  In/ln 

0.33T 

030 

o.t// 

KB5 

0.3? 

Energy  Absorbed,  In-lb 

2.60 

2S0 

ago 

xro 

2^0 
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Table  32.  Twmlm  Pyprtlea  ef  IS-I  ftasauilw  at  200^ 

(VatAgaa) 

FIRST  SPEED  Specimen  No.  S'-/^*  j^/^2  Average 

~~'  ■ - — T— 1 1 r 1 ■ - ' ' w , 


Proportional  Limit,  1000  psl 

4^2 

t/.9 

3,^ 

4(2 

yield  Strength,  1000  psl 

6.9 

7.1 

S:3 

Yield  Point  (Upper),  1000  psl 

yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3^.6 

3^.9 

33.9 

Shearing  Strain,  In/ln 

AOt 

f.n 

/.  / / 

Energy  Absorbed,  In-lb 

6oo 

6/0 

6^0 

SECOND  SPEED Specimen  No.  /•-/  . Average 


Proportional  Limit,  1000  psl 

6.6 

(6.6 

Yield  Strength,  1000  psl 

72 

?.T 

7.6, 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3(6.0 

3(6.6 

36:^ 

3(6.6 

Shearing  Strain,  In/ln 

0.9(6 

0.79 

o.?9 

0.T7 

Energy  Absorbed,  In-lb 

(/fo 

foo 

tro 

6T20 

THIRD  SPEED  Specimen  No.  M6  t 99.  ir-ul  Average 

Proportional  Limit,  1000  psl 

(6.9 

I6.t 

sr.f 

4.T 

Yield  Strength,  1000  psl 

mtm 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

i9.n 

30.? 

Shearing  Strain,  In/ln 

0.^3 

0.93 

0.  fC 

Energy  Absorbed,  In-lb 

2?0 

2?0 

3/0 

FOURTH  SPEED  Specimen  No.  f'/i?  Average 

Proportional  Limit,  1000  psl 

f.3 

6>.G 

69 

Hi 

Yield  Strength,  1000  psl 

9.6> 

T9 

f.3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Mpdulus  of  Rupture,  1000  psl 

2(6.9 

23.? 

23,2 

Shearing  Strain,  In/ln 

0.(6  (6 

0.(69 

0.(/2 

Energy  Absorbed,  In-lb 

100 

mm 
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Table  53.  Torsion  Properties  of  PS-1  Magnesium  at  200°P  (Aged) 


FIRST  SPEED  Specimen  No.  S‘~'J  S~-f3  Average 

■ ■ ' ■ — I "■  ■ 1 I 'I  ' I ^ I 


Proportional  Limit,  1000  psl 

3.  ^ 

3.3 

Yield  Strength,  1000  psl 

7.9 

wnn 

7/ 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

3/.^ 

32.(> 

32.7. 

Shearing  Strain,  in/ln 

/.U3 

/.  4'^ 

/.?(7 

/.39 

Energy  Absorbed,  In-lb 

930 

fro 

910 

SECOND  SPEED Specimen  No.  Average 


. Proportional  Limit,  1000  psl 

4.0 

sr.f 

wan 

3.9 

Yield  Strength,  1000  psl 

7./ 

46 

6.4 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

30.U 

33.4 

33.0 

32.3 

Shearing  Strain,  in/ln 

P.  73 

o.9(f 

0.94 

0.83 

Energy  Absorbed,  in-lb 

i/20 

r9o 

Sr4o 

S20 

THIRD  SPEED  Specimen  No.  Sr49  ^'9^  r-ft  kvmRe 

Proportional  Limit,  1000  psl 

m 

6.4 

49 

£8 

Yield  Strength,  1000  psl 

?.4 

7.4 

?./ 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

344 

KU 

33.9 

Shearing  Strain,  in/ln 

0.^3 

0.60 

0, 36 

0.60 

Energy  Absorbed,  in -lb 

390 

390 

?ro 

370 

FOURTH  SPEED  Specimen  No.  S'- 7^  3-79  Average 

Proportional  Limit,  1000  psl 

9.4 

S.o 

warn 

Yield  Strength,  1000  psl 

f/.4 

■SB 

//.3 

ft.  6 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

2fr.l 

^7.9 

^3.9 

2S-.6 

Shearing  Strain,  in/ln 

por 

mm 

o.ur 

Energy  Absorbed,  in -lb 

220 

230 

200 

220 
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Table  54.  Torsion  Properties  of  PS-1  Magneslian  at  400®P 

(Not  Aged) 


FIRST  SPEED  Specimen  No.  /-iV  r-//<?  Average 

' ■ ’■  ’ ' ■ I 1 1 ■ ■ ■„  V 


Proportional  Limit,  1000  psi 

1-1 

/.3 

/S 

yield  Strength,  1000  psi 

mm 

3.9 

3.? 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

?.3 

i^i 

Shearing  Strain,  In/ln 

2.S-/ 

Z.99 

Energy  Absorbed,  In-lb 

r/0 

^60 

^10 

SECOND  SPEED Specimen  No.  . .T-f?  ^-7^5  Average 


Proportional  Limit,  1000  psi 

Z.9 

3.0 

3.0 

3,/ 

Yield  Strength,  1000  psi 

LZ.^ 

SZ.SZ 

0.9 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/ 

wm 

fO.2 

z(.Z 

Shearing  Strain,  in/in 

Z.(>^ 

Z.S9 

2./2 

Z.22 

Energy  Absorbed,  in-lb 

sz^ro 

srfp 

((0 

^00 

THIRD  SPEED  Specimen  No.  S~-t  Average 

Proportional  Limit,  1000  psi 

(.9 

0.3 

3.9 

34 

Yield  Strength,  1000  psi 

6.S- 

mm\ 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

22,(> 

2.0.2- 

22,2 

23.0 

Shearing  Strain,  in/in 

Z.^ir 

/.  3Z 

/.  27 

Z3f 

Energy  Absorbed,  in-lb 

(,20 

(30 

SrS'O 

620 

FOURTH  SPEED  Specimen  No.  S'-'iC  Average 

Proportional  Limit,  1000  psi 

U 

KOI 

b.3 

Yield  Strength,  1000  psi 

2.0 

wBn 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

2^.3 

2Z2 

2Z.0 

2Z.  S 

Shearing  Strain,  In/in 

wm 

0.9  c 

0.92 

0.92 

Energy  Absorbed,  in -lb 

izi-o 

1(20 

U20 

030 

la 
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Table  Torsion  Properties  of  BS-1  Magnesliai  at  400°F  (Aged) 


FIRST  SPEED Specimen  No.  r-i? Average 


Proportional  Limit,  1000  psl 

/•7 

/.? 

/.i- 

Yield  Strength,  1000  psl 

3.L 

3.6 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

?.2 

f.t 

9.9 

Shearing  Strain,  In/ln 

3.(^0 

2.  (>9 

2.  f / 

Energy  Absorbed,  In-lb 

1290 

Lf60 

SECOND  SPEED Specimen  No.  . Average 


Proportional  Limit,  1000  psi 

m 

^.9 

7.2 

3.2 

Yield  Strength,  1000  psl 

6.0 

sr.6 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

/6.i6 

/7./ 

/6o 

Shearing  Strain,  In/in 

2.o3 

1.69 

/.6i 

/.99 

Energy  Absorbed,  In-lb 

(>90 

1^ 

6/0 

THIRD  SPEED  Specimen  No.  f-4l  T-M  Average 

Proportional  Limit,  1000  psi 

^.0 

3.0 

7.2 

3,7 

Yield  Strength,  1000  psl 

66 

6.6 

6.Z 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

2iS:o 

2 7.6 

23.9 

Shearing  Strain,  In/ln 

/.(63 

/(20 

/.37 

/.  (60 

Energy  Absorbed,  In-lb 

6 6o 

630 

6/0 

63// 

FOURTH  SPEED  Specimen  No.  ^-^2  Average 

Proportions:!  Limit,  1000  psl 

a 

Sr.3 

WEB 

f.7 

Yield  Strength,  1000  psi 

9.^ 

6.9/ 

llffl 

7.9 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

22.2 

22.4 

2 2.ST 

Shearing  Strain,  in/in 

/.or 

0.99 

0.99 

/ 0 ! 

Energy  Absorbed,  in-lb 

a(,o 

uuo 

U-ZO 

Ul/0 
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Mle  36 


TonlMi  PnpaofkiM  of  FS>1  NagaMlw  at  600*V 


Mat  kgiat 


FIRST  SPEED Specimen  No.  .T-/-?  C-lol  Average 


Pi?oportlonal  Limits  1000  pel 

o.(> 

0.7 

0.6 

Yield  Strength,  1000  pel 

/.  / 

/.  r 

/M 

/.  3 

Yield  Point  (Upper),  1000  pal 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

2.U 

Shearing  Strain,  In/ln 

7./^/ 

6.87 

6.62 

Energy  Absorbed,  In-lb 

3¥0 

320 

280 

3/0 

SECOND  SPEiiD Specimen  No.  Average 


Proportional  Limit,  1000  pal 

2.9 

7.9 

-2.7 

Yield  Strength,  .1000  psi 

3J 

3.U- 

3.  ! 

3.  2. 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

s:3 

s.o 

8.(6 

8.6 

Shearing  Strain,  In/ln 

3.f0 

¥.27 

3.78 

Energy  Absorbed,  In-lb 

j730 

390 

¥30 

¥20 

THIRD  SPEED  Specimen  No.  S'- 37  r-/03  S-//3  Average 

Proportional  Limit,  1000  psi 

3.U 

3.7 

¥J 

^■7 

Yield  Strength,  1000  psi 

is.n 

¥.8 

¥.9 

¥.7 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

//.  0 

//.4^ 

//.8 

//.  3 

Shearing  Strain,  in/ln 

/.  72 

f.79 

/.79 

f.  70 

Energy  Absorbed,  in-lb 

¥30 

¥80 

¥10 

¥30 

FOURTH  SPEED  Specimen  No.  S~'20  S'-2(S  Average 

Proportional  Limit,  1000  psi 

8.2 

8.8 

8.¥ 

8.8 

Yield  Strength,  1000  psi 

8M 

6.8 

8.7 

6.0 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

n. 

Modulus  of  Rupture,  1000  psi 

/6.0 

/¥.¥ 

/¥.  7 

Shearing  Strain,  in/in 

/.77 

/.77 

f.89 

/.  70 

Energy  Absorbed,  in-lb 

¥90 

830 

¥80 

¥9o 
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Table  57.  Torsion  Properties  of  PS-1  Magnesliu  at  600®P  (Aged) 


FIRST  SPEED Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  In/in 


Energy  Absorbed,  In-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  pal 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/ln 


Energy  Absorbed,  In-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  In/ln 


Energy  Absorbed,  in-lb 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/ln 


Energy  Absorbed,  in-lb 


r-?/  S--f2 


U.if\  s-.¥\  ir.f 


4.oU\  l.m 


3to\  a/0 


//.f  //./ 


/.-72  7.0  c 


a/o\  asro 


^4?  5/'9? 


il.o 


fas:\  /U.i\  ti/2 


/.^3\  !.sr/  i.tri- 


u^o\  a/o 


Average 


Average 


Average 


Average 


/.ir^ 


U30 


Table.  38.  Terslen  Pirapartlea  of  RC-70  Titanium  at  Room 

Temperature 


FIRST  SPEED Specimen  No.  (>~6^  Average 


Proportional  Limit,  1000  psi 

Uf.U 

srU.o 

4-3.^ 

Yield  Strength,  1000  psi 

6/.r 

(,2.<r 

60.2- 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

//^7 

///.  S' 

f07.7 

//o.  0 

Shearing  Strain,  In/in 

/.'ifr 

/.  3U 

/.32 

Energy  Absorbed,  In-lb 

3J0O 

3,X(0 

2. 

X090 

SECOND  SPEED Specimen  No.  i-2  i>~foo Average 


Proportional  Limit,  1000  psi 

3X7 

(>s.2 

Sr?.^ 

SrL3 

Yield  Strength,  1000  pal 

69.3 

^2.0 

£>?.<( 

92.3 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/U.o 

//X.4 

//  (>.o 

/of.7 

//3.0 

Shearing  Strain,  In/in 

/.X7 

/.27 

/JC 

/.20 

/.23 

Energy  Absorbed,  In-lb 

2,9  9 

?,/fo 

xfft 

2,9/0 

2,9  to 

THIRD  SPEED  Specimen  No.  b-b7  G-99  Average 

Proportional  Limit,  1000  psi 

(,3.0 

(f3S 

57.9^ 

6/.^ 

Yield  Strength,  1000  psi 

20,  (> 

7i>.9 

/oS.o 

?7.^ 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/o9.o 

foo.x 

/3/.7 

//2.0 

Shearing  Strain,  In/ln 

/.oU 

0.9  f 

/.o(> 

/.03 

Energy  Absorbed,  in-lb 

2.W 

X21/0 

3,3(0 

2,/,f0 

FOURTH  SPEED  Specimen  No.  ^-/i  i-ft/  b-3(>  6-6S  Average 

Proportional  Limit,  1000  psi 

94X 

fo.sr 

9/. 7 

9</S 

9‘-3 

Yield  Strength,  1000  psi 

9SS 

92.0 

99.f 

/o/.o 

9S.S- 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/of. 6^ 

//O.o 

/o9-o 

//</7 

//o.  (> 

Shearing  Strain,  in/ln 

0.97 

O.fc/ 

/.of 

o.fC 

0.9  i/ 

Energy  Absorbed,  in-lb 

2,S/0 

X.lfo 

2,7  so 

2,(/(/o 

2,0-70 
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Ta3»l«.  T«nlatt  Properties  of  RC-70  Tltwrtisi  st  ^OO^F 

(Met  Aced.) 


FIRST  SPEED Specimen  No«  t-t"  b~'3^  Average 


Proportional  Limit,  1000  psl 

a4<2 

2tr.o 

Yield  Strength,  1000  pal 

Yield  Point  (Upper),  1000  psl 

mm 

2f3 

7i9.l 

Yield  Point  (Lower),  1000  pal 

2 

2^.7 

2f7 

27.2- 

Modulus  of  Rupture,  1000  psl 

bf./ 

72./ 

Shearing  Strain,  In/ln 

/.2? 

/.  33 

/.3  b 

/. 

Energy  Absorbed,  In-lb 

wm 

/JffO 

SECOND  SPEED Specimen  No.  k-i  b~3f  6-'?Q  Average 


Proportional  Limit,  1000  psl 

34^2 

30.¥ 

30.(/ 

3/7 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

377 

375 

Yield  Point  (Lower),  1000  psl 

37.2 

33.3 

3b  0 

3br.t 

Modulus  of  Rupture,  1000  psl 

7^2 

Mm 

7¥.1 

7¥b 

Shearing  Strain,  In/ln 

/.3/1 

4 3^ 

4 22 

/.3  0 

Energy  Absorbed,  In-lb 

2,/ 7^ 

:x,o/o 

WBL 

2,0/0 

THIRD  SPEED  Specimen  No.  b-7  b~39  6-7f  Average 

Proportional  Limit,  1000  psl 

73.7 

¥Sr.^ 

¥n 

¥b.f 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

¥S^.f 

¥f.f 

Yield  Point  (Lower),  1000  psl 

¥3. ‘2^ 

¥b.b 

¥¥1 

Modulus  of  Rupture,  1000  psl 

76.3 

^Sr,b 

Shearing  Strain,  In/ln 

wm 

BQ 

4/r 

/.20 

Energy  Absorbed,  In-lb 

477^ 

/,9/p 

/,73o 

4 

FOURTH  SPEED  Specimen  No.  ^-7  ^-72  Average 

Proportional  Limit,  1000  psl 

b/.  2 

srr.s- 

b¥9 

i/.ir 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

bg.¥ 

63.</ 

b^7 

bb.t 

Yield  Point  (Lower),  1000  psl 

6/.  2 

b3.f 

bl.O 

Modulus  of  Rupture,  1000  psl 

f3.0 

72.  r 

?%/ 

MMm 

Shearing  Strain,  In/ln 

/./! 

4/^ 

/.  /o 

/./2 

Energy  Absorbed,  In-lb 

3,/^0 

:/j20 

2,/ 2 0 
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4o>  PrepertlM  of  ns-70  TLtmmSjm  mt  koo^ 

(A«o«) 


FIRST  SPEED Specimen  No.  ^-/7  6-U9  6~M  Average 


Proportional  Limit,  1000  psi 

a/f 

2/. 6 

30.  f 

yield  Strength,  1000  psi 

0.6.0 

32.0 

WEBi 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

b4.3 

sm 

bks- 

Shearing  Strain,  In/ln 

WBk 

1.33 

/.2  b 

warn 

Energy  Absorbed,  in -lb 

1,636 

SECOND  SPEED Specimen  No.  b'-/^  i-uo Average 


Proportional  Limit,  1000  psi 

32.1 

3U.I 

3U.7 

33.7 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

3^.2 

36.9 

37/ 

Yield  Point  (Lower),  1000  psi 

3^.0 

37/ 

si-.S' 

3^.9 

Modulus  of  Rupture,  1000  psi 

iLp 

77.S- 

96.6- 

wMm 

Shearing  Strain,  In/in 

t.3o 

/.2I 

f.29 

Energy  Absorbed,  In-lb 

/,99o 

2,006 

f,9(70 

6920 

THIRD  SPEED  Specimen  No.  b-/f  6-///  Average 

Proportional  Limit,  1000  psi 

U2,? 

Ul.tf 

U6.2- 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

LfS.O 

U7.17 

If  6.2 

Yield  Point  (Lower),  1000  psi 

ifU.tr 

U6.U 

UU.2 

Modulus  of  Rupture,  1000  psi 

13.6 

Shearing  Strain,  in /in 

/J^ 

f.f9 

/./ 2 

/.  / ^ 

Energy  Absorbed,  In-lb 

f,?2o 

mt 

/,?/0 

FOURTH  SPEED  Specimen  No.  i-2o  ^-^2  Average 

Proportional  Limit,  1000  psi 

67.9 

li-.s- 

72.3 

7/9 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

72.3 

7/.f 

Yield  Point  (Lower),  1000  psi 

66.0 

6U.S- 

6U.0 

Modulus  of  Rupture,  1000  psi 

?6.3 

?7.9 

wEm 

Shearing  Strain,  In/ln 

/./? 

f./3 

f.2.3 

/// 

Energy  Absorbed,  in-lb 

1.130 

l.Srtbo 

2,(600 
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Table  4l.  Terslon  Properties  of  RC-70  Tltaalua  at  700°P 

(Not  Aged) 


FIRST  SPEED Specimen  No.  /-f  S-^l  6~7^ Average 


Proportional  Limit,  1000  psl 

u 

/4<7 

yield  Strength,  1000  psl 

/9.n 

20.-X 

f9.(^ 

/9.? 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

i-A6 

iT2.r 

Shearing  Strain,  in/ln 

/./3 

/./<A 

Energy  Absorbed,  In-lb 

/,/oo 

4/7^ 

/,2fO 

SECOND  SPEED Specimen  No.  6~/o  6-^^  Average 


Proportional  Limit,  1000  psl 

/¥A 

/7./ 

/7.f 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

20.1 

21.0 

2/. 7 

2/,3 

Yield  Point  (Lower),  1000  psl 

20.1 

12,0 

1/.7 

2/3 

Modulus  of  Rupture,  1000  psl 

U-9.1 

ir¥.7 

Srx¥ 

<r2j 

Shearing  Strain,  in/ln 

/. 

/.I/ 

/.36 

/.  33 

Energy  Absorbed,  in-lb 

/A^O 

/.3!0 

/.¥¥o 

/, 

THIRD  SPEED  Specimen  No.  b-u  6-7^  Average 

Proportional  Limit,  1000  psi 

2Q..¥ 

27.^ 

imm^Q 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

wm 

ESS 

■372 

29.1 

Yield  Point  (Lower),  1000  psl 

1^.3 

23.2 

2(/.9 

2¥.n 

Modulus  of  Rupture,  1000  psi 

r/.f 

¥9.7 

6ro./ 

W^\ 

Shearing  Strain,  in/ln 

f.31 

wm 

/.dC 

/.32 

Energy  Absorbed,  In-lb 

/,37o 

/.'i¥o 

/.3p 

4 3 3^ 

FOURTH  SPEED  Specimen  No.  b-/'^  b~7^  Average 

Proportional  Limit,  1000  psl 

^oo 

¥6.7 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

bro.o 

¥6.y 

¥9.^ 

ut.(> 

Yield  Point  (Lower),  1000  psi 

3 9./ 

mm 

wm 

32.1 

Modulus  of  Rupture,  1000  psl 

If  6. 6 

6^./ 

mnm 

Shearing  Strain,  in/in 

/.3/ 

/.I/ 

/.  3/ 

mm 

Energy  Absorbed,  In-lb 

/.no 

/.7¥o 

WSSSSi 

/.2/0 
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. ^2 . Tersloa  Properties  of  RC-70  Tltaaian  at  700®P 

(Aged) 


FIRST  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  XiJOO  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  in-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  In-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in /in 


Energy  Absorbed,  in -lb 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modxilus  of  Rupture,  1000  psi 


Shearing  Strain,  in/ln 


Energy  Absorbed,  in-lb 


S-2/  S-53  6-fS- 


/6M\  /6.2  ff.9 


/ 30 


S-2S\  iT7.f 


/./6  /.0(f 


6-Sr(/  6'?^  6'/o7 


/?./  f?.(>  fi>.L 


2/.0 


2/.9 


2k9 


/.t^o 


20.9 


23.3 

22.7 

23.0 

27. if 

S-3.3 

/.3S 

/.  3r 

/,fg‘C 

wm. 

6-ST 


2?.r  ja.S’ 


26.3  2%9 


26M 


/.  37  (.  3f 


6~SrC 


if 2.0  U2.sr 


U2.0\  if2.T\^au.o 


3S,^\  36.o\  3«7 


/ 60. 3 60. 7 


/.3?  /.3i\  /.3 


/.7m  /.73o\  /.7ff0 


Average 


/72 


/9S 


f.n 


/,330 


Average 


/?.r 


2 


22, (> 


2.9 


^(f.3 


/MO 


/,6i>i> 


Average 
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Wbl*.  %>.  TaoNilMi  Fropcrtlts  «f  BC-70  TltMiliai  at  1000^ 

(■ot  As«4 } 


FIRST  SPEED Specimen  No«  b-Q-tr  ^-77  6-fo2  Average 


Proportional  Limit,  1000  psl 

/oM 

/o.  f 

?.? 

Yield  Strength,  1000  psl 

/P.9 

/p.^ 

//.3 

/P.8 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

BSi 

/2.3 

/2,'i- 

/2.2 

Shearing  Strain,  In/in 

//  s4 

/Sr.  fro 

9.rf 

//.98 

Energy  Absorbed,  In-lb 

2.090 

mSm 

/,tro 

SECOND  SPEED Specimen  No.  i-'??  6'/o(^ Average 


Proportional  Limit,  1000  psl 

■IS 

/7.0 

8.3 

//.  f 

Yield  Strength,  1000  psl 

/(/.3 

/3./ 

/3.(? 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

n9.{ 

290 

■EOS 

Shearing  Strain,  In/ln 

3.(Sf 

¥.3? 

3.^8 

Energy  Absorbed,  In -lb 

2,PpO 

A7?p 

2.220 

2,030 

THIRD  SPEED Specimen  No.  j-UT  ^-/»t  Average 


Proportional  Limit,  1000  psl 

/^.9 

/ir.7 

/6.3 

WMBk 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

/S^.n 

wm 

/(>.3 

/7.0 

Yield  Point  (Lower),  1000  psl 

/r.4^ 

/i.o 

Modulus  of  Rupture,  1000  psl 

30.S^ 

3 to 

333 

33.9 

Shearing  Strain,  In /in 

/.7S- 

/.^^ 

f.fo 

/.h 

Energy  Absorbed,  In-lb 

/.2/0 

/.02O 

mBBUM 

FOURTH  SPEED Specimen  No.  6->fS  f>~So Average 


Proportional  Limit,  1000  psl 

3/.0 

32J 

3¥.t 

32.(1 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

V.O 

32./ 

l¥.l 

32.(f 

Yield  Point  (Lower),  1000  psl 

23.2 

2¥.^ 

23.9 

2 3.? 

Modulus  of  Rupture,  1000  psl 

¥1.3 

WES^ 

B9B 

(43.3 

Shearing  Strain,  In/ln 

wm 

/M 

/.6/ 

Energy  Absorbed,  In-lb 

/.Sr¥0 

/.^9o 

/.SSro 

■53-10 
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Tabl*  44  • T«ral«i  FrmfmrtiMt  9f  K6-70  TltMiiOft  Mt  lOOO^f  (Agati ) 


FIRST  SPEED Specimen  No.  6-^?^  6-gf  6-^3  Average 


Proportional  Limit,  1000  psi 

GJ5 

1.05 

5,33 

a.i? 

Yield  Strength,  1000  psi 

t.3T 

t.H5 

?.<fZ 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

fa. 9 

H.H 

11.7 

//,3 

Shearing  Strain,  in/ln 

H.o 

iz.i 

iz.  z 

IZ.2L. 

Energy  Absorbed,  in-lb 

n^o 

!6,t0 

;2I70 

( 950 

SECOND  SPFFD Specimen  No.  h-u()  6-S^f  Average 


Proportional  Limit,  1000  psi 

^.7 

/O.o 

fP.  b 

AO./ 

Yield  Strength,  .1000  psi 

/O.7 

//.S' 

(0.9 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

2.3.0 

2.7/ 

23.9 

Shearing  Strain,  in/ln 

2,bb 

2.fT2 

2.7  b 

2,br 

Energy  Absorbed,  in-lb 

/,330 

/,  300 

/.OZP 

/,3tO 

THIRD  SPEED  Specimen  No.  S-S:f  h-7/  Average 

Proportional  Limit,  1000  psi 

H9S 

/o.S 

/o.sr 

/o.b 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

/A  5 

/2.2 

/f.9 

//.9 

Yield  Point  (Lower),  1000  psi 

//.  2 

//.7 

//•7 

//.  r 

Modulus  of  Rupture,  1000  psi 

27.^ 

29.2 

Shearing  Strain,  In/in 

/,77 

/■77 

/.  ?2 

Energy  Absorbed,  in-lb 

A/fo 

A07P 

/,/pp 

/,/20 

FOURTH  SPEED  Specimen  No.  ^-2f  b-Bo  b-9^  Average 

Proportional  Limit,  1000  psi 

2</.7 

2b.  S 

23.fb 

2ST.0 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

wm 

2b.f 

23.U 

■SQ 

Yield  Point  (Lower),  1000  psi 

/9.3 

/?.o 

/U 

/?.o 

Modulus  of  Rupture,  1000  psi 

372 

mm 

3b.3 

Shearing  Strain,  in/ln 

A?7 

/.P2 

(.79 

(.  ?3 

Energy  Absorbed,  In-lb 

A 7/0 

f.73o 

/,7f0 
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Table  ^^5,  Torsion  Properties  of  RC~15(B  Titaninm  Alloy 

at  Boon  Temperature 


FIRST  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  In/in 


Energy  Absorbed,  In-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  In-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  In/ln 


Energy  Absorbed,  in-lb 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Nodtilus  of  Rupture,  1000  psi 


Shearjlng  Strain,  In/in 


Energy  Absorbed,  in-lb 


7-/^  7'97 


W 


9m 


/39a\  /UtA  /ti:o 


o.7o\  0.7 A o.fo 


2,07O\  2.2?c\  2,(779 


7'/(^  7-xy  7-7 i 


79. 72.1 


9?.o 


0.?(^\  0.r<7\  0.77 


2,/ 00 


7-/i-  9-  7-4 f 


7m  no 


f0l7.o  \ /(T2.3\  noo 


^.^70\  2L,2l0 


f23.^ 

//2.7 

130.9 

/22.0 

nu  \ /n.0\  fn.7 


o.79\  0.7 A 0.76 


Average 


Average 


/9o,  r 


0.  97 


2,3  $-0 


Average 


Average 


Table  ^1^6.  Torsion  Properties  of  RC'^l^CB  Tltaalwa  Alloy 

at  400®P  (Hot  Aged) 


FIRST  SPEED Specimen  No.  'J-?3  Average 


Proportional  Limit,  1000  psl 

wm 

60S 

60.^ 

yield  Strength,  1000  psl 

6f3 

62S 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

/20.0 

ns:2 

//?.  / 

Shearing  Strain,  in/in 

o.?o 

0. 

o.?o 

Energy  Absorbed,  In-lb 

/,9!0 

2.0  If  0 

/S'jo 

SECOND  SPEED Specimen  No.  7-?o  7~?^ Average 


Proportional  Limit,  1000  psi 

6/S 

60.9 

63.9 

6.39 

Yield  Strength,  1000  psl 

7/.  3 

77. 9 

72.7 

77.3 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

1 

Modulus  of  Rupture,  1000  psi 

/20,2 

//9.0 

Shearing  Strain,  in/ln 

0.2<6 

0,23 

0.72 

0.22 

Energy  Absorbed,  In-lb 

/.96o 

/.99o 

/.2Sro 

1.930 

THIRD  SPEED  Specimen  No.  T-3/  7-60  7-20  Average 

Proportional  Limit,  1000  psi 

79S 

72.9 

72.? 

72s 

Yield  Strength,  1000  psl 

77.^ 

22.3 

77./ 

n/ 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

//rs 

//2.0 

/f9.o 

//6.9 

Shearing  Strain,  In/ln 

0.T9 

0.23 

0.2(6 

0.2  S' 

Energy  Absorbed,  in-lb 

2.230 

z,o6o 

f,99o 

2.020 

FOURTH  SPEED  Specimen  No.  7-^2  7-66  7-26  Average 

Proportional  Limit,  1000  psi 

29.2 

26.Z 

99.6 

902 

Yield  Strength,  1000  psl 

96.¥ 

722 

Yield  Point  (Upper),  1000  psi 

mm 

Yield  Point  (Lower),  1000  psl 

ft3 

Modulus  of  Rupture,  1000  psi 

/z^S 

//9.0 

/22.7 

Shearing  Strain,  in/ln 

0.20 

022 

0.90 

026, 

Energy  Absorbed,  in-lb 

Z.300 

z.u/o 

2.310 

VftDC  TR  53-10 
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Tmbl*  47*  Torsion  Proportles  of  RC-130B  Titonlwi  Alloy  at  400^. 

(A««l) 

FIRST  SPEED Specimen  No.  '?-S'  7-2/  7-^7 Average 


Proportional  Limit,  1000  psl 

mm 

6/.i~ 

f9.9 

yield  Strength,  1000  psl 

67J 

67.S 

yield  Point  (Upper),  1000  psl 

yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

/2/.3 

/2/.? 

Shearing  Strain,  In/ln 

0.  <P^ 

0.73 

0.79 

37.79 

Energy  Absorbed,  In-lb 

2 //^7 

/.  920 

3900 

SECOND  SPEED Specimen  No.  7'^  Average 


Proportional  Limit,  1000  pal 

36.9 

67.9 

g6.r 

yield  Strength,  1000  psl 

73.t 

73? 

73.2- 

yield  Point  (Upper),  1000  psl 

yield  Point  (Lower),  1000  pal 

Modulus  of  Rupture,  1000  psl 

I10.3> 

/20.0 

f22,2 

/20.7 

Shearing  Strain,  In/ln 

0.90 

3>.?9 

0. 93/ 

o.f? 

Energy  Absorbed,  In-lb 

2.!  go 

2,t?0 

2,36-0 

THIRD  SPEED  Specimen  No.  7-7  7-23  7-^9  Average 

Proportional  Limit,  1000  psl 

7t2 

660 

mm 

73.2. 

yield  Strength,  1000  psl 

wm 

?2.Sr 

go.o 

yield  Point  (Upper),  1000  psl 

yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

mm 

3/7.3 

BS3S 

339M 

Shearing  Strain,  In/ln 

0.93 

0.93 

o,?r 

mm\ 

Energy  Absorbed,  In-lb 

2,720 

2. 3 90 

2.2/3? 

FOURTH  SPEED  Specimen  No.  7-2^  7-ff^  7-30^  kveraKe 

Proportional  Limit,  1000  psl 

92.C 

3P3.t 

9tlr 

yield  Strength,  1000  psl 

91.1 

yield  Point  (Upper),  1000  psl 

9f.s- 

303.Sr 

yield  Point  (Lower),  1000  psl 

9Sr.2 

/o/.  2 

Modtilus  of  Rupture,  1000  psl 

/2Sr.o 

333.0 

3270 

Shearing  Strain,  In/in 

3.00 

0.9 1 

096^ 

Energy  Absorbed,  In-lb 

wm 

2,660 



2, 6 60 
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%8.  TeralM  Fvep«rtl«s^  TltuKlMt  All^j 

at  700^  (Vat  Aga*) 


FIRST  SPEED Specimen  No.  q-V-t  7-^7  AvBr&Rt 


Proportional  Limit,  1000  psi 

^5’ 

r2,^ 

— 

n.f 

Yield  Strength,  1000  psi 

sr?.9 

Yield  Point  (Upper),  1000  psi 

HIH 

Yield  Point  (Lower),  1000  psi 

HHi 

Modulus  of  Rupture,  1000  psi 

Shearing  Strain,  In/ln 

af^ 

0.99 

mm 

ff.9i 

Energy  Absorbed,  In-lb 

2,/ 70 

2,7.30 

7JP 

2,200 

SECOND  SPEED Specimen  No.  7'^^  7-6 f 7-fj Average 


Proportional  Limit,  1000  psi 

¥3.2- 

Yield  Strength,  .1000  psi 

C?.! 

m 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/06.7 

foO.2 

/ot.¥ 

/t>^.9 

Shearing  Strain,  in/ln 

0.90 

o.?f 

o.?r 

o.?9 

Energy  Absorbed,  In-lb 

l9oo 

/,96o 

/,t70 

THIRD  SPEED  Specimen  No.  7-^'?  Average 

Proportional  Limit,  1000  psi 

99^ 

¥9.2 

H.3 

Yield  Strength,  1000  psi 

60.9 

^Sr.¥ 

i-9.9 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

99.0 

103.0 

99.? 

Shearing  Strain,  in/ln 

o9o 

0?? 

0.9  ^ 

0.?? 

Energy  Absorbed,  in -lb 

4 ?6o 

A7?o 

EOS 

/,i!0 

FOURTH  SPEED  Specimen  No.  7-'?^  7~90  Average 

Proportional  Limit,  1000  psi 

7/.(> 

70.^ 

73? 

72,0 

Yield  Strength,  1000  psi 

7¥J 

Yield  Point  (Upper),  1000  psi 

77.9 

Yield  Point  (Lower),  1000  psi 

7S-./ 

Modulus  of  Rupture,  1000  psi 

/06S 

f06.2 

/070 

/O^.^ 

Shearing  Strain,  in/ln 

0.9^ 

0.9^ 

0.9^ 

O.f^ 

Energy  Absorbed,  in -lb 

2,1  ?0 

2,t00 

S9S 

2,130 
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Table  49.  Torsion  Properties  of  RC-I5CB  Titaniua  Alloy  at  700°  P 

(Aged) 


FIRST  SPEED Specimen  No.  Avevaze 


Proportional  Limit,  1000  psi 

to.  7 

ti/.t 

t/.P 

Yield  Strength,  1000  psi 

t9.2 

tf.o 

60.^ 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/itJ 

/ft.i 

//2.0 

//¥.3 

Shearing  Strain,  in/ln 

^.fs- 

/.O  ! 

o.n 

0.9  f 

Energy  Absorbed,  in-lb 

2,200 

2,3 

7,!?0 

2,230 

SECOND  SPEED Specimen  No.  7'^^  7~-2^  ^^-^2 Average 


Proportional  Limit,  1000  psi 

t6t 

■S6>¥ 

Yield  Strength,  1000  psi 

60 J 

3-7.3 

60.O 

r?.6 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/06.O 

/otr.o 

fo9./ 

/06.7 

Shearing  Strain,  in/in 

6.?? 

o.?6 

0.99 

Energy  Absorbed,  in-lb 

/,9/0 

!.  ? It 

/.‘iVo 

THIRD  SPEED  Specimen  No,  7-//  2-27  7-93  Average 

Proportional  Limit,  1000  psi 

t(.¥ 

n.^ 

tn 

Yield  Strength,  1000  psi 

63.9 

6^2 

6tS 

69S 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

/06.9 

601/.7 

6ot.t 

Shearing  Strain,  In/ln 

0.92 

0.77 

0.77 

Energy  Absorbed,  in -lb 

wgm 

WM!£2!i 

1 

l,9S'0 

FOURTH  SPEED  Specimen  No.  7-f2  7-27  2-09  Average 

Proportional  Limit,  1000  psi 

7U 

76^ 

7t.3r 

Yield  Strength,  1000  psi 

7U 

mm 

Yield  Point  (Upper),  1000  psi 

7U 

77.6 

Yield  Point  (Lower),  1000  psi 

m 

79.^ 

Modulus  of  Rupture,  1000  psi 

607.2 

/07.2 

WtEM 

Shearing  Strain,  In/in 

/.Of 

wni 

0.9? 

0.97 

Energy  Absorbed,  In-lb 

2,360 

2,600 

2,290 
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Table  50.  TeiTBlen  Properties  of  BC-l^GB  Tltaalna  Alloy 

at  1000°P  (Hot  Aged) 


FIRST  SPEED  Specimen  No.  7-^^  7-7/  7-9!  Average 

— .-J T’  .1  I I , — g l| 


Proportional  Limit,  1000  psl 

9.6 

Z0.9 

\i.i> 

Yield  Strength,  1000  psl 

/77 

Z5.6 

IQQI 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

23  ^ 

2?./ 

^8.5 

^5./ 

Shearing  Strain,  In/ln 

3/^0 

33.4? 

33.5 

Energy  Absorbed,  In-lb 

//,  000 

/l(/oo 

/¥,  tio 

/ 3,  too 

SECOND  SPEED Specimen  No.  7-/^  7-9^  AvevaRe 


Proportional  Limit,  1000  psl 

32.2 

3ST.I 

32.? 

33,^ 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

133.3 

t/3.2 

¥3.0 

¥3.'3- 

Yield  Point  (Lower),  1000  psl 

3U 

um 

70.9 

170.2 

Modulus  of  Rupture,  1000  psl 

U¥.9 

¥U 

Shearing  Strain,  In/ln 

¥./f 

¥.3! 

Energy  Absorbed,  In-lb 

3,600 

3,630 

3,^iro 

J,S<I0 

THIRD  SPEED  Specimen  No.  7-/'/  '7-73  7-93  Average 

Proportional  Limit,  1000  psl 

(/6.f 

U/.7 

¥3.7 

m 

Yield  Strength,  1000  psl 

U-77 

(77.  f 

¥9.3 

¥f.3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

n6? 

i'to 

n9 

Shearing  Strain,  In/ln 

2.33 

2.32 

2.27 

Energy  Absorbed,  In-lb 

2,Z(fO 

2,120 

2,i¥o 

2,230 

FOURTH  SPEED  Specimen  No.  9-S'^  7-S'6  7~7¥  Average 

Proportional  Limit,  1000  psl 

66.0 

S-2.6 

62.ST 

6o.¥ 

Yield  Strength,  1000  psl 

BE 

Yield  Point  (Upper),  1000  psl 

66.0 

62,  t 

Yield  Point  (Lower),  1000  psl 

n3 

Modulus  of  Rupture,  1000  psl 

?o.o 

73.3- 

fo.f 

77.  S- 

Shearing  Strain,  In/ln 

/.2t 

/.  23 

/// 

/.2/ 

Energy  Absorbed,  In-lb 

2.  no 

6 

/ 930 

WBBUrn 
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T«bitt  51.  Torsion  Fr^^srtlos  of  RC-13CB  Tltanlssi  Alley  at  lOOO^F 

(Aged) 

FIRST  SPEED Specimen  No.  7-/  7-/7  'J-SS Average 


Proportional  Limit,  1000  psl 

/2.t 

!2.0 

/S^.y 

Yield  Strength,  1000  psl 

/9.9 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

2ST.O 

XU.U 

xt.O 

2.(/.g 

Shearing  Strain,  In/ln 

mm 

msm 

Energy  Absorbed,  In-lb 

/ 6,6^0 

SECOND  SPEED Specimen  No.  7 -ft  7')^  Average 


Proportional  Limit,  1000  psl 

U7 

30.3 

7,0.1 

Yield  Strength,  1000  psl 

■■■ 

Yield  Point  (Upper),  1000  psl 

^.0 

3U 

■01 

Yield  Point  (Lower),  1000  psl 

39.9 

33t 

3^.3 

Modulus  of  Rupture,  1000  psl 

73.3 

mm\ 

Shearing  Strain,  In/ln 

¥.2f 

3.U 

3.37 

Energy  Absorbed,  In-lb 

3M0 

3,070 

3,350 

THIRD  SPEED  Specimen  No.  9-3  7-/9  Average 

Proportional  Limit,  1000  psl 

33.9 

3t^ 

36.3 

3t.3 

Yield  Strength,  1000  psl 

¥/./ 

H2 

7/6 

7/3 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

U.? 

tt.2 

mm 

Shearing  Strain,  In/ln 

2.27 

1 

2.22 

Energy  Absorbed,  In-lb 

7,3  to 

2,tf0 

/,?fo 

2,2  20 

FOURTH  SPEED  Specimen  No.  7-2  9~/f  7-ff  Average 

Proportional  Limit,  1000  psl 

to.9 

77.3 

76.7 

' 

WKm 

Yield  Strength,  1000  psl 

tg.3 

t/7 

Yield  Point  (Upper),  1000  psl 

ta¥ 

Yield  Point  (Lower),  1000  psl 

99.t 

Modxilus  of  Rupture,  1000  psl 

67.3 

7/.¥ 

17.6 

7/-/ 

Shearing  Strain,  in/ in 

/37 

/.  70 

/30 

WBSk 

Energy  Absorbed,  In-lb 

7.o¥o 

/,gto 

7./20 
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The  following  tables  of  data  ntoabered  52  to  64  list 
Information  obtained  In  an  exploratory  series  of  tests  In 
which  a furnace  was  used  that  did  not  develop  uniform  tem- 
perature along  the  gage  length.  The  temperatures  listed 
are  those  measured  at  the  center  of  length  of  the  speci- 
men. The  ends  of  the  one  Inch  gage  length  were  as  much 
as  30F  to  lOOF  cooler  at  the  highest  temperatures  employed. 
Therefore^  these  data  have  not  been  analyzed  nor  Included 
in  the  report  of  this  Investigation. 
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EXPLORATORy  TESTS 


Table  32.  Tonlon  Properties  of  SAE  1018  Steel  at  4-00**F 

(Not  Aged) 


FIRST  SPEED Specimen  No« Average 


Proportional  Limit,  1000  psl 

Yield  Strength,  1000  psl 

yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In -lb 

SECOND  SPEED Specimen  No.  /-j?/  /-/^7 Average 


Proportional  Limit,  1000  psl 

3.6M 

36.6> 

2C.3 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

26M 

■mi 

Yield  Point  (Lower),  1000  psl 

23,2 

3tl? 

2 3.2 

Modulus  of  Rupture,  1000  psl 

^t.3 

■ZB 

Cf.o 

Shearing  Strain,  In/ln 

/.7^ 

/.3l 

/. 

Energy  Absorbed,  In-lb 

3,  too 

wm 

2,f00 

THIRD  SPEED  Specimen  No.  /-7  /-7/  Average 

Proportional  Limit,  1000  psl 

ng 

2T.9 

IB9 

3 3.  ! 

Yield  Strength,  1000  psl 



Yield  Point  (Upper),  1000  psl 

2X9 

■la 

Yield  Point  (Lower),  1000  psl 

wm 

72.3 

3 Q.b 

2 3.t 

Modulus  of  Rupture,  1000  psl 

a-7 

Win 

CX.7 

Shearing  Strain,  In/ln 

3Mf 

/.f7 

/.Cl 

2.0t> 

Energy  Absorbed,  In-lb 

2.7  ?o 

FOURTH  SPEED  Specimen  No.  /-f  /-/2  /'72  Average 

Proportional  Limit,  1000  psl 

30.3 

WSk 

33.n 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

30.3 

13.3 

WBB!^ 

Yield  Point  (Lower),  1000  psl 

'30  3 

EES 

29.S 

Modulus  of  Rupture,  1000  psl 

7/.f 

67.2 

9ir.i 

7/.  3 

Shearing  Strain,  In/in 

3.t2 

3.U0 

mxn 

Energy  Absorbed,  In-lb 

WBH 

WSSL 

1.7  to 

EXPLORATORy  TESTS 


T»A-HT.ig  55.  Torsion  Properties  of  SAE  1018  Steel  at  400®P  (Aged) 


FIRST  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

1 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

Shearing  Strain,  in/ln 

Energy  Absorbed,  in-lb 

SECOND  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

Shearing  Strain,  in/ln 

Energy  Absorbed,  In-lb 

THIRD  SPEED Specimen  No.  f-33 Average 


Proportional  Limit,  1000  psi 

wm 

mn 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

wm 

HkiJ 

Yield  Point  (Lower),  1000  psi 

:i3.o 

23.0 

Modulus  of  Rupture,  1000  psi 

6?.r 

Shearing  Strain,  in/ln 

2.0^ 

Energy  Absorbed,  in-lb 

2,giro 

KjIZE 

FOURTH  SPEED Specimen  No. ’ Average 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  pi^l 

Shearing  Strain,  in/ln 

Energy  Absorbed,  In-lb 

\ODC  TR  53-10 


l4l 


suLOBAToror  tests 


C4BU  3^*  T«r>l«B  Pr«p«rtle8  of  8AE  1018  StMl  at  700^ 

(Vet  Aged ) 

FIRST  SPEED  Speolmen  No.  Average 

""  " ~ ■'  " ■"  ~ I ■■■■,■■*  I . , — Wl  ■■ 


Proportional  Limit,  1000  pel 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

Shearing  Strain,  in/in 

Energy  Absorbed,  in-lb 

SECOND  SPEED Specimen  No.  /~^  /-//^ Average 


Proportional  Limit,  1000  psi 

/9.t 

2/. (6 

72.2 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

WER 

WB 

22,  2 

Yield  Point  (Lower),  1000  psi 

1011 

2IM 

20,  6 

Modulus  of  Rupture,  1000  psi 

wm 

BSS 

6e.s 

Shearing  Strain,  In/in 

A39 

/.27 

A3/ 

^ergy  Absorbed,  In-lb 

1,  foo 

BBS 

696(0 

THIRD  SPEED  Specimen  No.  t'K  f~if3  f-ijS'  Average 

Proportional  Limit,  1000  psi 

BB 

/3.f 

If.o 

/7^ 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

2<(2 

wm 

Yield  Point  (Lower),  1000  psi 

2/  2 

2/2 

WSSl 

IBE3 

Modulus  of  Rupture,  1000  psi 

6(6.7 

wm 

wmi 

Shearing  Strain,  In/ln 

/,?t 

wnk 

o.?7 

/ 

Energy  Absorbed,  in -lb 

Wgj^ 

BEES 

FOURTH  SPEED  Specimen  No.  /~37  /~7^  Average 

Proportional  Limit,  1000  psi 

wm 

667.^ 

30.0 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

wm 

3(6.^ 

30.0 

Yield  Point  (Lower),  1000  psi 

0^ 

WB3B 

Modulus  of  Rupture,  1000  pal 

66.3 

6(6.^ 

WIB 

6id 

Shearing  Strain,  In/in 

2. 00 

/.f^ 

A 7^ 

mm. 

Energy’ Absorbed,  In-lb 

M4£_ 

EB9 

2.6oe> 
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SULCBATOnr  TS»8 


tabus  35> 


PrttpMP^^  AfitSt*  10001*1' 


FIRST  SPEED  Specimen  No« 


Proportional  Limit,  1000  psl 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  psl 


Yield  Strength,  .1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psl 


Shearing  Strain,  in/in 


Energy  Absorbed,  In-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psl 


Yield  Point  (Upper),  1000  psl 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in /in 


Energy  Absorbed,  in-lb 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psl 


Modulus  of  Rupture,  1000  psi 


Shearing  St3?ain,  In/in 


Energy  Absorbed,  in-lb 


/-///'  /-/?*  Average 


/tA  /4<7l  IS'.O  /3.f 


/4.A  2.  /7.7I 


f.uq  /-77 


/9J\ 


Average 


o.f 


4>X,o 


/./U 


/,320 


/-U, 


2?o 


li/M  2?.0 


1,2.0 


/Mi 


//?3o 


/.  3/P 
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EXPLORATOror  TESTS 


TABLE  56.  Toxmlon  Properties  of  2AS-T  Aluaslmni  Alloy  at  200*^ 

(Not  Aged) 


FIRST  SPEED  Specimen  No.  Average 

' . ■ II  I II  ■ ■ I ■■  n . ■■  . r ■ 1 m.  . 9 I, 


Proportional  Limit,  1000  psl 

yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In -lb 

SECOND  SPEED Specimen  No.  3-/  Average 


Proportional  Limit,  1000  psl 

2^.9 

Yield  Strength,  1000  psl 

32X 

3/f 

32.0 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

0.^7 

Energy  Absorbed,  In-lb 

6>9o 

RE9 

700 

THIRD  SPEED  Specimen  No.  3-7  3*7/  Average 

Proportional  Limit,  1000  psl 

2/.ST 

2«7 

Yield  Strength,  1000  psl 

26.7 

wm 

mm 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

to.'/ 

S3.2 

S-22 

irs.o 

Shearing  Strain,  In/ln 

o.t/ 

o.¥C 

0.sr3 

o.Sro 

Energy  Absorbed,  In-lb 

Sr 20 

6/0 

FOURTH  SPEED  Specimen  No.  J-f  3'7^  Average 

Proportional  Limit,  1000  psl 

2A4 

Bio 

i3./ 

IB3S 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

WiSL 

sri.f 

sr^.9 

Shearing  Strain,  In/ln 

\im 

o.rsr 

o.r/ 

0.^1 

Energy  Absorbed,  in-lb 

G 

IlHi 

imtBi 

m 


WMXJ  m 53-10 


EXELeaiAT(Miy  tests 


TAPT.ie  57.  Torsion  Properties  of  2i|^S-T  Altralnua  Alloy  at  200*1?  (Aged) 


J/.<^ 


FIRST  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  in-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  pal 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


THIRD  SPEED  Specimen  No.  3^23 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/ln 


Energy  Absorbed,  In-lb 


Average 


30.0 


33.r\  3/.^ 


sjo 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/ln 


Energy  Absorbed,  in-lb 


O.t/ 


i,3o 


Average 


Alltgr  mt  4ooV 


tahtj  38*  TmemUm  Fr«p*rtl««  of  TiTT  T (Hill— i 

(lot  Ago4) 


FIRST  SPEED Speolmen  No.  Average 


Proportional  Limit,  1000  pel 

yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modtilus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In-lb 

■■ 

m 

SECOND  SPEED Specimen  No.  3-/0  7-!^^  Averpge 


Proportional  Limit,  1000  psl 

23.3 

2/.3 

22.7 

Yield  Strength,  1000  psl 

ESI 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Mod\ilus  of  Rupture,  1000  psl 

WSSl 

■3sU 

Shearing  Strain,  In/ln 

JBM 

0.67 

0.67 

Energy  Absorbed,  In-lb 

EES 

7(60 

THIRD  SPEED  Specimen  No.  Average 

Proportional  Limit,  1000  psl 

2-23 

/7,0 

Yield  Strength,  1000  psl 

BS3 

js.a 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

u-fr.1 

uvs 

Shearing  Strain,  in/ln 

WJBi 

0.67. 

0.61/ 

0.63 

Energy  Absorbed,  in-lb 

6(^0 

630 

Uo 

FOURTH  SPEED  Specimen  No.  J-f  J-/2-  3~?Z  Average 

Proportional  Limit,  1000  psl 

Z0.3 

23.? 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

ir/J 

^7-7 

r/7 

toM 

Shearing  Strain,  in/in 

0,1/3 

0.3S 

0.(6(/ 

0.(/2 

Energy  Absorbed,  In-lb 

uyo 

3fo 

jm. 

i/Sro 
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TABLE  59»  frmlm  Fr^pnetima  af 


m«sr  at 


(Ma<) 


FIRST  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  In/ln 


Energy  Absorbed,  in-lb 


SECOND  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  .1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  In/ln 


Energy  Absorbed,  In-lb 


THIRD  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  In-lb 


FOURTH  SPEED  Specimen  No. 


Proportional  Limit,  1000  psi 


Yield  Strength,  1000  psi 


Yield  Point  (Upper),  1000  psi 


Yield  Point  (Lower),  1000  psi 


Modulus  of  Rupture,  1000  psi 


Shearing  Strain,  in/in 


Energy  Absorbed,  in-lb 


23.^1 


3/M 


3t.C 

0.7 X 

o.fo 

3-^7  2'?/ 


«/•?./ 


o.(>3  o,C3 


STfoX  ^no\  fr(,o 


Average 


Average 


33.3 


U/.3 


k'TevaiKe 


EXFLGRATCBY  TESTS 


TABLB  60,  Torsion  Propertlos  of  24S-T  Altmlaum  Alloy  at  600^F 

(Not  Aged) 

FIRST  SPEED  Specimen  No.  Average 

— " ' ■ ’ ■ , , . , .m:,  ■ , ■ — a— 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modiilus  of  Rupture,  1000  pal 

1 

Shearing  Strain,  In/ln 

Energy  Absorbed,  in -lb 

SECOND  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  pal 

mm 

2.2,0 

WBrn 

Yield  Point  (Upper),  1000  pal 

Yield  Point  (Lower),  1000  pal 

Modulus  of  Rupture,  1000  pal 

tn 

W^A 

2 8^.0 

2(3J 

Shearing  Strain,  In/ln 

o.'iz 

0.C2 

0.'?/ 

Energy  Absorbed,  In-lb 

mm 

mm 

3^0 

330 

THIRD  SPEED  Specimen  No.  J-/^  3-71  Average 

Proportional  Limit,  1000  pal 

//,0 

/o.o 

2C.3 

Yield  Strength,  1000  pel 

E!S 

2ir.3 

3/.0 

Yield  Point  (Upper),  1000  pal 

Yield  Point  (Lower),  1000  pal 

Modulus  of  Rupture,  1000  pal 

— 

Ut.o 

mm 

Shearing  Strain,  in/ln 

msiA 

— 

0.62 

worn 

Energy  Absorbed,  In-lb 

— 

6i/o 

■iAI 

FOURTH  SPEED  Specimen  No,  3-ift  3-fo  kveraste 

Proportional  Limit,  1000  psi 

26.0 

3%0 

30.0 

wsm 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

USr.? 

l/(.2 

mm 

KU 

Shearing  Strain,  in/ln 

0.26 

0.33 

0.3^ 

0.^/ 

Energy  Absorbed,  in-lb 

Mm 

3fo 

33  0 

TH  53-10 
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EXFLORATOBY  TESTS 


TAm.-Hi  61.  Torslra  Fr«pertl«8  ef  24S-T  AlwlsaBi  Alley  at  600^  (Aged) 


FIRST  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psi 

yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl  ' 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In-lb 



SECOND  SPEED Specimen  No.  S'SO  Average 


Proportional  Limit,  1000  psi 

^3 

t,  / 

■ml 

Yield  Strength,  1000  psi 

6.(, 

ma 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

/o,3 

?,t 

Shearing  Strain,  In/ln 

— 

— 

Energy  Absorbed,  In-lb 

foo 

■ — 

— 

THIRD  SPEED  Specimen  No.  3-3^  3-^/  3-^/  3-9^  kveraRe 

Proportional  Limit,  1000  psi 

¥,9 

6.  ^ 

7.2 

B1 

k2 

Yield  Strength,  1000  psl 

mn 

f.3- 

g!2- 

?./ 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

Its 

ti.t 

Shearing  Strain,  in/ln 

' — ■ 

sr.W 

%,?o 

— 

Energy  Absorbed,  in-lb 

— 

I.O^O 

— 

1,300 

FOURTH  SPEED Specimen  No. Average 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psi 

Shearing  Strain,  in/ln 

Energy  Absorbed,  in-lb 

, 
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EXPLCRATCRf  TE9ITS 


1USL&  62.  T«nil«n  Properties  ^ ^^^^^^agaaeltai  Alley  at  200*F 

FIRST  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psl 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modiilus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In -lb 

SECOND  SPKEi) Specimen  No. Average 


Proportional  Limit,  1000  psl 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  pal 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In-lb 

THIRD  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psl 

9J 

— 

/./ 

Yield  Strength,  1000  psl 

9.7 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

3/.0 

J0.9 

BZi 

30/ 

Shearing  Strain,  In/ln 

o.m 

oSo 

WBM 

Energy  Absorbed,  In-lb 

jlSto 

J.to 

2k0 

2 to 

FOURTH  SPEED  Specimen  No.  Average 

Preportional  Limit,  1000  psl 

. 

WBSEk 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modxilus  of  Rupture,  1000  psl 

i^S 

Shearing  Strain,  In/ln 

mSB3 

Energy  Absorbed,  in-lb 

/ ^0 

HB9 
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i»A-Hr.iB  6?.  TMPslMi  Pr0p«rtl«i  FS-1  MisaMiiBi  Allay  At  tOG^ 

(VAt  ASA«) 

FIRST  SPEED Specimen  No. Average 


Proportional  Limit,  1000  psl 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In-lb 

SECOND  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psl 

Yield  Strength,  2000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In-lb 

THIRD  SPEED Specimen  No.  ^-9  Sr-IT Average 


Proportional  Limit,  1000  psl 

4</ 

3.0 

3.^ 

3.i 

Yield  Strength,  1000  psl 

■Q 

Sr.3 

u 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

wm 

^"7 

-23.7 

Shearing  Strain,  In/ln 

/.// 

o, 

0.97 

Energy  Absorbed,  In-lb 

^9o 

U30 

FOURTH  SPEED Specimen  No. Average 


Proportional  Limit,  1000  psl 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In-lb 
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EXPLORATORY  TESTS 


TAELS  6^.  Toirslon  Px^pertles  of  F3-1  Magneslua  Alloy  at  600^ 

(Not  Aged ) 

FIRST  SPEED  Specimen  No.  Average 

■—I  , ■ — .,■■■■  ■ - — , ■ . — - 9 I 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In-lb 

SECOND  SPEED Specimen  No.  Average 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  psi 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

Shearing  Strain,  In/ln 

Energy  Absorbed,  In-lb 

THIRD  SPEED Specimen  No.  S~'9/ Average 


Proportional  Limit,  1000  psi 

3./ 

2.7 

2.^ 

Yield  Strength,  1000  psl 

¥.f 

4/.7 

t.o 

Yield  Point  (Upper),  1000  psl 

Yield  Point  (Lower),  1000  psl 

Modulus  of  Rupture,  1000  psi 

9 

/J./ 

/ 3.1 

Shearing  Strain,  in/ln 

r.i-9 

f.ol 

fMi 

f,3t 

Energy  Absorbed,  in-lb 

3Jo 

:xSro 

U6o 

3tO 

FOURTH  SPEED Specimen  No. Average 


Proportional  Limit,  1000  psi 

Yield  Strength,  1000  psl 

Yield  Point  (Upper),  1000  psi 

Yield  Point  (Lower),  1000  psi 

Modulus  of  Rupture,  1000  psl 

Shearing  Strain,  in/ln 

Energy  Absorbed,  in-lb 
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Tables  ai^  Pigiares 

TABiiE  I.  CHEMICAL  ANALYSIS  OF  I'ETj\LS  TO  BE  TESTED 


TABLE  IX 


STATIC  TENSIIX:  IROFESTISS  OF  IgPALS  TBSTED 


S'S 

c ^ • 

4>  O *H 


■4» 

«w 


Ifaterial 


Average  — — 14 


^S-T  Aluminuffl 
AII07 


73S>T  Aluminum 
Alloy 


FS>1  Magnesium 
Alloy 


3-50 

3-81 

3-97 

49,000 

47,400 

45.300 

Average 

47,20b 

4-50 

68,200 

4-81 

66,200 

4-97 

67.^. 

Average 

5-112 

28,500 

5-113 

28,500 

5-114 

28,600 

Avere^ 

28,500 

• A 

• 

B a -H 
<rl  0 B 

4>  h P< 

S 5 ^ 

CO 


SAE  1018  Steal 

1-50 

1-81 

1-97 

34,900 

41,200 

38.900 

34,700 

39.800 

38.800 

57.000 

68,200 

65,400 

Average 

58,300 

37.800 

^65.5^ 

SAE  4340  Steel 

2-50 

142,000 

Ao,500 

152,000 

2-81 

142,800 

l40,000 

152,000 

2-97 

142,200 

l4i.000 

152.000 

68,100 

67.400 

66.600 

78.600 

77.400 

-IgglOO- 

78,000 

40,700 

40,900 

40,800 

4o,8o6 


•S'p  ^ s 

me^.  ® ® 

8^0  a u 

•H  Xi  O 0 9 
^00  -H  A 
« e ■*» 

S 3 m 

q • n p 
0 Oh 
pq  o M a 


OoBBterclally 
Fore  Titanium 

HC-70 

i 1 i 

0 H r- 
»nto  O' 

84,500 

82,800 

77.900 

80.500 

82,4oO 

77,300 

95.500 

95.500 
91.000 

27.0 

26.0 

27.0  _ 

45.4 
48.9 

52.4 

Average  — . 

81,700 

80,100 

94,000 

2L7 

48.9 

Titanium  Alloy 

7-50  — 

132,000 

130.000 

i4i,ooo 

20*0 

52.3 

RC-I3OB 

7-81  — . 

134,000 

131,000 

144,000 

20.0 

50.8 

7-96  — . 

133.100 

132.900 

143.000 

20.0 

48.0 

Average  — 

132^700 

331,300 

142.700 

20.0 

50.4 
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TiBiJS  III,  IHSTRUHJiraiTIOH  ifflD  COHDITIONS  lOR  C03®UCfriITG  VARIOUS  TESTS 


S'  I 

to  irt 


•H  o » 

Pi  O <H 

l^g 


A h 
4»  CB  OS 

^ S)-3 


p ♦>  » 
«H  O 
p,  O r4 
■*»  ^ 
O 

ft  ta  n 

■p  u>  o 

Is  iil 


* 

-P  r-«  O 
J>r<  fi 
S at 


iH  B iH  n 

r-l  p t-l  p 
e 4>  e 4* 

o e o CB 
S c3  -S  ^ 

11^1 


Vi  J Vc 
Otto 

■*»  » • 

E-<\J  O 

O I >1  f-l 
p.  o o 

gvo  p.  o 

S CVB  ^ 

O p{  p ^ 


Vi  I «H 
O tt  O 

4»  n * 

PiCJ  ® 

pin  ** 

o I P >-i 
o o 
flvo  p,  o 
e .c 

s '"I 

S COB  iH 

«p5  p «M 


•H  O 
4>  >: 

e -H  I p, 

« p * fj 
« o <d  J9 

•f^}S43 

cS  o CO  p. 


o 

•H  B> 

a 


•9  "i  *> 

1 "rl  jH  <H 
O O W p 


P P 

§ p <&  f 

g>  O Ip 
,D  P ^ CJ 
I 44  *14 

O O CO  P 


n ca 

» Pi 


•P  rfS  I 
n 4>  a 

Vi  o 

O © •♦» 

o i* 

■-<  tt  o o 


+++  During  continuous  portion 


TABiS  IT 


SAtfjJ  CJaqjLATIOKS 

Test  No.  133»  75S*T  Ainmlnua  Alley*  Spec,  He.  4-19 
2nd  %>eed  (.OO^  sheering  strain/ see.}*  Noon  Tenperature 


1.  Tor  conrertlng  deflections  an  vsclllegraph  record  to  units  for  plotting, 
calihratien  constants  are  used.  Tor  exannlet 

Twist  « 1.26  In.  (deflection)  x 3.29  deg./ln.  *=  4.l4® 

Torque  « 1.21  In.  (deflection)  x 86.3  lb-in. /in.  ■ 104.6  Ib-ln. 


2,  The  strength  properties,  proportional  limit,  yield  strength  and  modulus 
of  rupture  are  coaputed  from  the  erdlnary  formula  t * Te/J;  for  exanpls; 


r 


**63,300  psl. 

^ 0.00305  In.^ 


3«  The  ang^  of  twist  corresponding  te  a 0.2  percent  shear  strain  offset 
is  foun^  from  tKe' relation:  Y ■ o8/J( 

. 0.92“ 

4.  14.  total  wwjey  AMrb.d,  V,  in  th.  l-lo.  gagp  l.n*th  i.  .epial  to 
represented  hy  the  area  under  the  T ws.  S curve. 

Trom  Tig.  13*  Area  » 77*0  squares  (by  planimeter);  thus 


w 77.0  X 20  deg,  x 20  lb-in. 
* 57.J  deg, /radian 


538  In-lb. 


eS 


5.  The  total  shearipg  strain  is  equal  tr  — 


6.  The  strain  rate  (average) 

» 

Y 


total  strain  0.377  in. /in. 
total  time  * 74.^  ••c. 

0.00507  in./in./sec. 
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Pig.  1 Torsion  Testing  Machine  Set  Up  for  the  Slowest  Rate  of  Loading. 


Flg.2  Details  of  the  Torsion  Test  Specimeri. 


0.65"  — J 


Fig. 3 Details  of  the  Water-Cooled  Torsion  Weigh-Bor 
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Fig.  4 Apparatus  for  Measurement  of  the  Angle  of  Twist 


by  Means  of  a Photoelectric  Cell. 
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Fig.  7 


Timing  and  Switching  Mechanisms  for  Controlling  the  Sequence 
of  Events  When  Testing  at  the  High  Rates  of  Strain. 


iGl 
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loading  arm  with 
/specimen  in  place 

insulation 

ceramic  muffles 

y!  _ 

\ ^ \ metal^  liner 

A ''  ''  ^ 


^ b/A 


I g^yr»  ^^M«^Vs^XVWX\XVCCsXN  i 

K-x-xJi  iB>aMi^9  ■jrx-ji  ■ 


Fig.8  Sectional  View  of  the  Electric  Furnace  for  Elevated 
Temperature  Torsion  Tests. 


Controller 


Varioc 


Furnace  Heating  Elements 


IIOVAC 


Ground 


Bl  IBrIC 


Fig.  9 Wiring  of  the  Furnace  and  Control  Circuit. 
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164 


Fig  12.  Typical  Oscillograph  Record  from  Torsion  Test  at  Room 
Temperature  and  Strain -Rate  of  12.5  in./in./sec. 
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Strain , inyin. 

Fig.  15  Ordinary  Tensile  Stress-Strain  Curves  for  the  Seven  Metals  Studied 


Temperature, 

Fig.  16  Effect  of  Temperature  on  the  Shearing  Yield 
Strength  of  SAE  1018  Steel  in  Torsion. 


50  8 


i 


0 ^ 


700 


.0001  Qoa  QOI  01  l.( 

Strain  Rate,  in./in./sec. 


Fig.  1 7.  Combined  Effects  of  Rate  of  Strain  ^ and  Temperature 
on  the  Shearing  Yield  Strength  of  SAE  1018  Steel  in  Torsion 
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Fig.  22  Combined  Effects  of  Rate  of  Strain  and  Temperature  Fig.23  Combined  Effects  of  Rate  of  Strain  and 

on  the  Energy  Absorbed  in  Specimens  of  SAE  1018  Steel  . Temperature  on  the  Yield  Point  Ratio  for 

SAE  1018  Steel  in  Torsion. 


Speed 
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Fig. 24  Effect  of  (a)  Rote  of  Strain  and  (b)  Temperature  on  the  Shearing  Yield  Strength 
of  SAE  4340  Steel  in  Torsion. 


Fig. 28  Combined  Effects  of  Rote  of  Strain  and  Temperature 
on  the  Totai  Shearing  Strain  af  SAE  4340  Steei  in 
Torsion. 


on  the  Energy  Absorbed  in  Specimens  of  SAE  4340  SfMl 


in  Torsion. 


Strain  Rote,  inyin.>^.  Temperature  *F 


(o)  (b) 

Fig.  30.  Effect  of  (a)  Rote  of  Strain  and  (b)  Temperature  on  the 
Shearing  Yield  Strength  of  24  S-T  Aluminium  /Mioy  in  Torsion. 
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Energy,  I000lb.-in. 
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Speed 


(a)  (b) 

Fig. 35  Effect  of  (a)  Rate  of  Strom  and  (b)  Temperature  on  the 
Shearing  Yield  Strength  of  75S-T  Aluminum  Alloy  in  Torsion. 


Legend: 


Strain  Rate,  in./in./sec. 


12  3 4 

Speed 


Fig.36  Combined  Effects  of  Rate  of  Strain  and  Temperature 
on  the  .Shearing  Yield  Strength  of  75S-T  Aluminum 
Alloy  in  Torsion. 
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Strain,  in./in. 


Strain  Rate,in./in./sec. 

1 1 1 

2 3 4 

Speed 


Fig.37  Combined  Effects  of  Rate  of  Strain  and  Temperature 
on  the  Modulus  of  Rupture  of  75S-T  Alurhinum  Alloy 
in  Torsion. 


Speed 


Temperature, 


(a) 


(b) 


Fig.38  Effect  of  (a)  Rate  of  Strain  and  (b)  Temperature  on  the 
Total  Shearing  Strain  of  75S-T  Aluminum  Alloy  in  Torsion. 
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100 


Legend: 


1/2  hour  at  temperature 
200  hours  at  temperature 


i 

C 


Strain  Rate,  in./in./sec. 


2 3 

Speed 


Fig.4i  Combined  Effects  of  Rate  of  Strain  and 
Temperature  on  the  Energy  Absorbed  in 
Specimens  of  75S*T  Aluminum  Alloy  in  Torsion. 


Speed 


Fig.  42.  Effect  of  (a)  Rate  of  Strain  and  (b)  Temperature  on  the 
Shearing  Yield  Strength  of  FS-I  Magnesium  Alloy  in  Torsion. 


WADC  TR  53-10 


181 


^ o 

O „ 

£ 3 

S Q- 
(/)  (r. 


c 

o 


a>  *~ 
•S  w 1° 

H-  T3.E 
O O 

2>* 
o 

5s5 


UJ 


E 

3 


"S  ® « 

I 2 S 

■O  3 0> 

E o o 

s 

? i|j> 

o»  ^ u. 


Y'*- 

§ o 

.£€ 

o at 

^ 5 

CO  S 
h-5) 
o 

•o 

2 ® 


o 

El2 
S c 


>« 

o 


£2 


E 

3 

W 

o 

c 

S’ 


X — 

B (/> 

- u. 


ig.47.  Effect  of  la)  Rate  of  Strain  ana  id; 
Yield  Strength  of  RC-70  Titanium  in  Torsion. 
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Fig.  48.  Combined  Effects  of  Rote  of  Strain  and  Temperature  Fig.  49.  Combined  Effects  of  Rote  of  Strain  and  Temperature 

on  the  Shearing  Yield  Strength  of  RC-70  Titanium  in  Torsion.  on  the  Modulus  of  Rupture  of  RC-70  Titanium  in  Torsion. 
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Fig.59  Combined  Effects  of  Rote  of  Strain  and  Temperature 
on  the  Energy  Absorbed  in  Specimens  of  RCH30"B  Titanium 
Alloy  in  Torsion. 


XBSUSD  AT  7001' 

Tig.  6l  BG-70  Tltaulm  SpBcimens  Broken  in  Second  Spoad  Tests. 

(Na^flcatlon  X2) 
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Temperature  T 


Fig.68  Torque -Twist  Curves  for  Fourth  Speed  Torsion  Tests  of  24S-T 
Aluminum  Alloy  at  Four  Temperatures. 


3 


nocx)* 


Temp. 


^800* 


^600“ 


A 200j 


^ 100 


<200* 


^ , 

600"  400"  200"  R.T  0" 

Temperature  { F ) 

Fig.69  Torque -Twist  Curves  for  Fourth  Speed  Torsion  Tests  of 
75S"T  Aluminum  Alloy  at  Four  Temperatures. 
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RC-70  Titanium  at  Four  Temperatures. 


1000  700  400  R.T 

Temprature  ®F 


Fig.72  Torque  -Twist  Curves  for  Fourth  Speed  Torsion  Tests  of  RC-I30-B 
Titanium  Alloy  at  Four  Temperatures. 
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Fig.73  Comparison  of  the  Shearing  Yield  Strengths  at  Elevated  Temperatures  of  Seven  Metals  Tested  in  Torsion. 
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Fig.74  Comparison  of  the  Moduli  ot  Rupture  at  Elevoted  Temperatures  of  Seven  Metals  Tested  in  Torsion. 
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(Based  on  Modulus  of  Rupture) 
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Strain  Rate  (in./ln./sec)  Strain  Rate,  in./in./sec. 

Fig.8l  Effect  of  Rate  of  Strain  on  the  Torque  at  Pig  82  Effect  of  Rate  of  Strain  on  the  Torque 

Constant  Shearing  Strain  in  Torsion  Tests  Constant  Shearing  Stroin  in  Torsion  Tests  of 

of  75S-T  Aluminum  Alloy  FS-I  Magnesium  Alloy. 
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Fig.85  Effect  of  Temperature  on  the  Torque  at  . Fig.86  Effect  of  Temperature  on  the  Torque  at 

Constant  Shearing  Strain  in  Torsion  Tests  Constant  Shearing  Strain  in  Torsion  Tests 

of  SAE  1018  Steel.  of  SAE  4340  Steel. 
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Fig.93  Variation  of  Torque  at  Shearing  Strain,  r = 0.30  in./in. 
with  the  Parameter  Tm  for  SAE  4340  Steel  in  Torsion. 
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Fig.94  Variation  of  Torque  at  Shearing  Strain, 
7 = 0.30  in./in.  with  the  Parameter  Tm  for 
24S-T  Aluminum  Alloy  in  Torsion. 
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Fig.97  Variation  of  Torque  at  Shearing  Strain,  y=0.05  inVin.  Fig.98  Variation;  of  Torque  at  Shearing  Strain,  y=0.20  in./ 

with  the  Parameter  Tm  for  RC-70  Titanium  in  with  the  Parameter  Tm  for  RC-I3Q-B  Titanium  Alloy 

Torsion.  in  Torsion. 
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